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introduction





• Double membrane-bound cell organelle - Eukaryotes

• ATP generation - Powerhouse of the cell

• Greek words ‘mitos’ - ‘thread’ and ‘chondrion’ - ‘granule’ or ‘grain-like’

• Richard Altmann discovered mitochondria in 1890 - Bioblasts

• Carl Benda coined the term ‘mitochondrion’ in 1898

https://www.sciencefacts.net/mitochondria.html



Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024
Khan, M.; Baussan, Y.; Hebert-Chatelain, E. Connecting Dots between Mitochondrial Dysfunction and Depression. Biomolecules 2023, 13, 695. https:/ /doi.org/10.3390/ biom13040695

• Efficient, adaptable bioenergetic machines - functional and 
compositional diversity 

• Alpha-proteobacterial origin - Endosymbiotic 

• One of only two endomembrane systems in addition to the ER
• Direct and intimate interactions between these two major 

endomembrane systems

• Form a network which spans throughout the cytosol



Anu Suomalainen and Jodi 
Nunnari. Mitochondria at the 

crossroads of health and 
disease. Cell 187,May 23,2024



structure



https://www.britannica.com/science/mitochondrion



• 2 distinct membranes: the outer and inner membranes (OM & IM) 

• 2 functionally diverse compartments: the intermembrane space (IMS) and the matrix 

• OM 

• smooth lipid-enriched surface
• ancestral beta-barrel proteins
• voltage-dependent anion-selective channels (VDACs) / porins 
• molecules up to 10 kDa in size

• alpha-helical membrane proteins
• one transmembrane domain - MFF and MIRO 
• receptors for the mitochondrial division dynamin and motility machinery - 

mitochondrial behavior and cellular communication 

Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024



Kotrasová,V  et al. Mitochondrial Kinases and the Role of Mitochondrial Protein Phosphorylation in Health and Disease. Life 2021, 11, 82. https:// doi.org/10.3390/life11020082 



• IMS
 

• smallest compartment

• 5% of the mitochondrial proteome

• protein and lipid biogenesis, metal homeostasis, redox regulation and 
oxidative folding, apoptosis, and mitochondrial dynamics / structure
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• IM 

• Protein-dense membrane in eukaryotic cells, highly impermeant - cristae

• The electron transport chain, also called the respiratory chain, with respiratory 
enzyme complexes (RCs; in humans, complex I–IV) and a turbine-like ATP 
synthase machine (RC V) that dimerizes to shape and drive the formation of 
cristae 

• Matrix

• biosynthetic reactions, mitochondrial genetic system

• TCA cycle - oxidizes the carbon backbones of nutrients to NADH- and FADH2-
reducing equivalents - used by the RCs to generate chemiosmotic energy for 
ATP synthesis 
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• Proteome 
• localized to the IM and matrix 
• metabolism and functioning 

• Lipidome 
• Over 200 species

• Glycerolipids
• Phosphatidylcholine (PC) 
• Phosphatidylethanolamine (PE)
• Cardiolipin (CL)

• inherited from its bacterial origins 



https://www.britannica.com/
science/mitochondrion



genetics



• Lost most of the bacterial ancestral genome 

• Many genes transferred to the nucleus 

• Current eukaryotic genomes - > 600 genes of alpha-proteobacterial origin

• 99% of the mitochondrial proteome - encoded by the nuclear genome 

• 1000 - 2000 nDNA-coded genes + thousands of copies of the maternally 
inherited mitochondrial DNA (mtDNA)

Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024



• The nDNA - anatomical components of the mitochondrion, for mitochondrial 
intermediate metabolism and mitochondrial biogenesis, and for the regulation 
of the mitochondrion

• The mtDNA - critical genes for OXPHOS and for their expression
• 16.6-kb mtDNA - 13 proteins, 12S and 16S ribosomal RNAs, 22 transfer RNAs for 

mitochondrial protein synthesis
• Dramatic amplification in cells
• Transcription and protein translation - the highest consumers of cellular ATP 
• Eukaryotic cells - evolve into relatively large and functionally diverse entities 
• Loss of the ancestral genome - evolution of new pathways for mitochondrial protein and lipid 

biogenesis 

• Mitochondrial gene expression levels vary significantly in humans at both the 
tissue and individual levels

Douglas C. Wallace. A Mitochondrial Etiology of Neuropsychiatric Disorders. JAMA Psychiatry Published online June 14, 2017
Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024 



• mtDNA variants - ancient adaptive polymorphisms, recent deleterious mutations, and 
developmental-somatic mutations

• Maternally inherited - male and female mtDNAs do not mix and thus cannot recombine

• Single mtDNA - haplotype, cluster of related mtDNA haplotypes - haplogroup 

• mtDNA haplogroup lineages - geographically delineated, indigenous populations

• Adaptation to new environmental factors such as alternative food sources, activity 
demands, high altitude, warm versus cold regions, and diverse infectious agents
• Distinctive mitochondrial physiological properties that strongly influence individuals’ physiologies 

Liming Pei and Douglas C. Wallace. Mitochondrial Etiology of Neuropsychiatric Disorders. https://doi.org/10.1016/j.biopsych.2017.11.018 
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• Mitochondria are related to bacteria - mtDNA replication and transcription 
enzymes originate from bacteriophages

• Phage polymerases - high processivity - maintain the high mtDNA copy number
• The viral origin of POLG has relevance for medicine

• MtDNA copy number per cell varies depending on the cell type and is highly 
regulated during cell fate transitions 

• mtDNA is inherited uniparentally via the maternal lineage

Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024



Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024

• Paternal mitochondria 
• actively degraded by mitophagy 
• nuclear localization of a spermatoid cell-specific form of TFAM destabilized sperm mtDNA leading 

to its loss during sperm maturation
 

• The human oocyte - 200,000 copies of mtDNA, distributed after fertilization during 
division to cells forming the early embryo - mtDNA replication only resumes at the 
blastocyst stage

• During oocyte development, there is an mtDNA ‘‘bottleneck,’’ which selects against 
pathogenic variants, especially protein-coding variants of mtDNA

• Mitochondrial replacement therapy - tool to prevent mtDNA-transmitted diseases  



James Chapman et al. The Maintenance 
of Mitochondrial DNA Integrity and 

Dynamics by Mitochondrial Membranes. 
Life 2020, 10, 164; 

doi:10.3390/life10090164 



mechanisms



Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo J, Pacchiarotti I, Vieta E and Berk M (2021) The Role of Mitochondria in Mood Disorders: From Physiology to Pathophysiology and to Treatment. Front. Psychiatry 12:546801. 
doi: 10.3389/fpsyt.2021.546801 



Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo J, Pacchiarotti I, Vieta E and Berk M (2021) The Role of Mitochondria in Mood Disorders: From Physiology to Pathophysiology and to Treatment. Front. Psychiatry 12:546801. 
doi: 10.3389/fpsyt.2021.546801 

• Complex I, or nicotinamide adenine dinucleotide (NAD+), and/or complex II (succinate 
dehydrogenase) - begin the process of oxidative phosphorylation by catalyzing the transfer 
of electrons from NADH and FADH2, respectively, to coenzyme Q (or ubiquinone)

• The transfer of electrons - conducted through complex III (ubiquinol: cytochrome c 
oxidoreductase), cytochrome c and complex IV (cytochrome c oxidase), to the terminal 
acceptor, generating an electrochemical proton gradient that enhances ATP production in 
complex V via oxidative phosphorylation

• Single-electrons can escape and produce a single-electron reduction of O2, forming 
superoxides and other ROS

• Impaired functioning of ETC - excessive ROS production, which leads to the damage of 
DNA, lipids, proteins, and other molecules - oxidative damage

• The generation of ROS is also related to signaling physiological processes - synaptic 
plasticity and memory



https://www.britannica.com/science/mitochondrion
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• Setting metabolic programs - providing the necessary energy and 
molecular precursors for various cellular functions and influencing gene 
expression and signaling pathways - based on nutrient, stress, and 
differentiation status of cells 

• The RCs can function as solitary units - also assemble into defined 
supercomplexes - increase the efficiency of respiration 

• Electron transfer by RCs is coupled to proton transport - generates a 
tremendous electrochemical potential of 150–200 mV across the IM 
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Electrochemical potential 

• Power the rotary turbine-shaped engine, complex V, ATP synthase - ATP 

• Mitochondrial fusion and protein import

• Sentinel for mitochondrial health
• Decreases impede the import of nuclear-encoded mitochondrial proteins – initiation of cellular 

stress responses 
• Mitochondrial integrated stress response (ISRmt) - metabolically buffers the cell to promote 

recovery
• PINK1-mediated mitophagy - initiates the degradation of mitochondria that are beyond repair
• Loss - cell death via the opening of the mitochondrial permeability transition pore (mtPTP) and 

BCL associated X (BAX)-mediated cytochrome c release during apoptosis
• Hypoxia - ATP synthase can run in the reverse direction



Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024



Anu 
Suomalainen 

and Jodi 
Nunnari. 

Mitochondria at 
the crossroads 
of health and 
disease. Cell 

187,May 23,2024



Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024

• Mitochondrial shape and distribution 
• Concerted actions of the mitochondrial division, fusion, and motility machines

• Glycolytic pluripotent embryonic stem cells - mitochondria are fragmented 
and underdeveloped in their internal cristae structure
• As stem cells differentiate, mitochondria undergo concerted changes - switch to 

oxidative phosphorylation for energy production and smaller elongated mitochondria 
and form networks with extensive cristae 

• Mitotypes 
• in brown fat cells, where mitochondria-contacting lipid droplets are specialized for lipid 

storage, whereas unassociated mitochondria are active in oxidative phosphorylation 



Anu Suomalainen and Jodi Nunnari. 
Mitochondria at the crossroads of health 

and disease. Cell 187,May 23,2024



Wen Chen et al. 
Mitochondrial 

dynamics in health 
and disease: 

mechanisms and 
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1038/s41392-023-
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self management



Khan, M.; Baussan, Y.; Hebert-Chatelain, E. Connecting Dots between Mitochondrial Dysfunction and Depression. Biomolecules 2023, 13, 695. https://doi.org/10.3390/ biom13040695 

• Fusion and fission between individual organelles

• Fission 
• GTPase dynamin-1-like protein (Drp1) 
• Required for mitochondrial quality control

• Fusion 
• Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2) and Optic Atrophy-1 (OPA1) 
• Transfer of mitochondrial proteins, lipids, metabolites and 

mitochondrial DNA (mtDNA) between individual mitochondria 



• The primary fusion factors involved are Opa1, MFN1, and MFN2, which bind to the 
inner and outer membranes of mitochondria (IMM and OMM)

• Fission is mainly mediated by Drp1, which binds to the OMM and forms a ring-like 
structure around the organelle, resulting in its division into two separate ones 

• Mitophagy
• PINK / parkin target damaged mitochondria to the lysosome for degradation
• Mitochondrial transport along microtubules is facilitated by TRAK/ Miro motor 

adapter complex

• Drp1: dynamin-related protein 1; MFN1/2: mitogenic protein 1/2; Opa1: optic atrophy protein 1; Fis1: 
protein fission 1; Mff: mitochondrial fission factor, PINK: PTEN-induced kinase 1, Miro: mitochondrial 
rho GTPase 

Wen Chen et al. Mitochondrial dynamics in health and disease: mechanisms and potential targets. Signal Transduction and Targeted Therapy (2023)8:333 ; https://doi.org/10.1038/s41392-023-01547-9 c
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• Nuclear-encoded mitochondrial protein biogenesis
• Transcriptional control of mitochondria 

• Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1-Alpha Protein 
(PGC-1a) 

• Translational control of mitochondria 
• Localized mRNA synthesis of mitochondrial proteins - mitochondrial biogenesis 

and stress responses - neurons
• Post-translational control of mitochondrial functions 

• Mitochondrial lipid biogenesis

• Mitochondrial lipid transport at membrane contact sites 

• Mitochondrial contact sites as organizers of mitochondrial behavior and signaling

Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024



• Mitochondrial dysfunctions are signaled in a retrograde manner to elicit 
corresponding stress responses that progress in stages
• Remodeled metabolic pathways that promote repair to removal of damaged proteins by 

microautophagy, mitophagy, and mitochondrial-derived vesicle-mediated pathways

• When the capacity of these pathways is exceeded, the cells die by apoptosis, 
ferroptosis, or pyroptosis, depending on a signal and cell / tissue context 

• Mitochondrial proteases 
• First-line responders for mitochondrial quality control
• AAA proteases are localized to the IMS, IM, and matrix and are associated with import and 

assembly machinery where they monitor, extract, and degrade misfolded, misassembled, 
and damaged proteins 

• Vesicle-mediated mitochondrial turnover and mitophagy
• Compartmentalization of proteins to budding membranous vesicular structures (MDVs)

Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024
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Innate Immunity And Inflammation

• Tissue damage - mitochondrial antigen release to extracellular sites

• Virus infection - trigger mitochondria to release its components into cytoplasm
• Elements of the mitochondrial genetic system - mitochondrial DNA, RNA, and mitochondrial-

derived formyl peptides (mDAMPs)

• Activation of cellular pattern recognition receptors (PRRs)
• double-stranded DNA-sensor cyclic GMP-AMP synthase (cGAS)
• stimulator of IFN genes (STING) pathway 
• dsRNA sensor RIG-I 

• Downstream cascade of an innate immunity response
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• Upregulation of nuclear transcription programs and a type-I IFN response
• cytokine release to counteract the infection

• Under physiological conditions
• Mitophagy - safeguard against the release of mDAMPs

• Capacity of these quality-control systems is exceeded, or defective
• inflammation can drive pathogenesis 

• Mitokines 
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• Mitochondrial functions - altered with aging - tissue-specific manner

• Chronic shift toward mitochondrial biosynthetic repair functions at 
the cost of ATP production

• Changes in transcription and translation and cell-extrinsic factors

• Recognized as contributors to most age-related degenerative 
diseases

• Altered metabolism can also cause adverse drug effects 



dysfunction & pathology



• No coherent pathophysiological etiology for psychiatric disorders

• What do “brain” diseases have to do with congenital heart disease and 
metabolic disorders ?

• Assumed that if a symptom emanates from an organ, then the “cause” of the 
problem must be a defect in that organ - Problems with behavior, learning, and 
memory relate to the brain

• The brain is 2% to 3% of body weight - expends 20% of mitochondrial energy

• The milder the bioenergetic defect - the more brain-specific the symptoms

• Mitochondrial diseases present at any age, in any organ system, in a highly 
tissue-specific or multisystemic manner and display any inheritance pattern 

Douglas C. Wallace. A Mitochondrial Etiology of Neuropsychiatric Disorders. JAMA Psychiatry Published online June 14, 2017
Anu Suomalainen and Jodi Nunnari. Mitochondria at the crossroads of health and disease. Cell 187,May 23,2024 



Douglas C. Wallace. A Mitochondrial Etiology of Neuropsychiatric Disorders. JAMA Psychiatry Published online June 14, 2017 

• The mtDNA has a very high mutation rate

• Hence, new mutations arise regularly, initially giving rise to mixtures of mutant 
and normal mtDNAs (heteroplasmy)

• Changes in the heteroplasmy percentage of a mutant can give graded defects 
and variable phenotypes

• Because multiple genes code for each of the enzyme complexes of OXPHOS, 
multiple different gene alterations can result in similar bioenergetic defects and 
related phenotypes

• Heart, kidney, muscle, and endocrine systems - high energy demand tissues

• Mild mitochondrial dysfunction – a/w diabetes and metabolic syndrome



Douglas C. Wallace. A Mitochondrial Etiology of Neuropsychiatric Disorders. JAMA Psychiatry Published online June 14, 2017 

• Ancient mtDNA lineages harboring function variants (haplogroups) 
• eg. the mtDNA tRNAGln gene at nucleotide 4336A>G 

• Heteroplasmic mtDNA tRNA Leu(UUR) nucleotide 3243A>G mutation 
• 10% to 30% 3243G mutation - type 1 or type 2 diabetes or autism
• 50% to 90% 3243G - multisystem neurological, cardiac, and muscle disease
• 100% mutant as pediatric lethality

• Mitochondrial DNA mutations 
• accumulate with age in tissues, resulting in the age-related decline in mitochondrial function

• Progressive mitochondrial defects 
• can exacerbate inherited nDNA or mtDNA mitochondrial gene defects



Büttiker P et al (2023), Dysfunctional mitochondrial processes contribute to energy perturbations in the brain and neuropsychiatric symptoms. Front . Pharmacol. 13:1095923. doi: 10.3389/fphar.2022.1095923 

Ancestral factors

• Long-term evolutionary co-existence of viruses and prokaryotes

• Mitochondria may continue to serve as a prime focus for virus infection
• the virus may then have direct access to the nuclear genome

• Intracellular transport of mitochondrial mtDNA as nuclear-mitochondrial 
segments (NUMTs) is an evolutionarily ancient phenomenon 
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Depression

Mitochondrial Genetics

• mtDNA deletions, lower mtDNA copy numbers 
• oxidative damage, inflammation

• variation in the mtDNA copy numbers 
• cognitive impairments 

• Downregulation of DNA repair enzymes 
• DNA polymerase gamma (POL) 
• 8-oxoguanine-DNA glycosylase 1 (OGG1)



Khan, M.; Baussan, Y.; Hebert-Chatelain, E. Connecting Dots between Mitochondrial Dysfunction and Depression. Biomolecules 2023, 13, 695. https:/ /doi.org/10.3390/ biom13040695 

Mitochondrial Proteome

• Altered levels of proteins 
• OXPHOS, pyruvate metabolism and the tricarboxylic acid cycle, etc

• 21% of mitochondrial proteins have altered levels 

• 20 subunits of the ETC complexes were increased

• Increased levels of ETC complex I and IV, cytochrome c and ATP synthase
• dorsolateral prefrontal, anterior cingulate and parieto-occipital cortices

• Carbonic anhydrase and aldolase c 
• increased in the frontal cortex and the anterior cingulate cortex



OXPHOS and ATP Production

• Decreased mitochondrial ATP production

• A decreased activity of ETC complexes I+III and II+III

Oxidative Stress in Depression 

• Excess ROS - damage to proteins, lipids and DNA, including mtDNA 

• Alterations of the complex I subunits NDUFV1, NDUFV2 and NDUFS1 and 
increased oxidative damage in the cerebellum

• Decreased level of antioxidant enzymes – eg. manganese superoxide dismutase

Khan, M.; Baussan, Y.; Hebert-Chatelain, E. Connecting Dots between Mitochondrial Dysfunction and Depression. Biomolecules 2023, 13, 695. https://doi.org/10.3390/ biom13040695 
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Calcium Homeostasis

• Dysregulation of mitochondrial Ca2+ homeostasis

• Cacna1c as a candidate risk gene for multiple neuropsychiatric disorders, including 
bipolar disorder, schizophrenia and depression

• Cacna1c encodes the pore-forming α1C subunit of the L-type Ca2+ channel CaV1.2

• CaV1.2 channels are critical modulators



Inflammation

• Dysregulation of both the innate and adaptive immune system

• Higher levels of circulating pro-inflammatory cytokines 
• Activation of the proinflammatory cytokines interferon-γ, interleukin (IL)-2, 

1β, IL-6 and tumor necrosis factor- α (TNF-α)

• Lower levels of anti-inflammatory cytokines 
• Reduction in the anti-inflammatory cytokines IL-4 and IL-10

Khan, M.; Baussan, Y.; Hebert-Chatelain, E. Connecting Dots between Mitochondrial Dysfunction and Depression. Biomolecules 2023, 13, 695. https:/ /doi.org/10.3390/ biom13040695 
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Mania

• Increased mitochondrial biogenesis

• Increased inflammation and elevated production of ROS and 
RNS, driven by increased activity of the NF-kB signaling pathway
• Upregulation of PGC-1α, Nrf-2, and TFAM
• PGC-1α and Nrf-2 stimulate mitochondrial respiration

• Increased oxidative stress – increase Ca2+ ions seen in mania 



• Elevated Ca2+ - activation of AMPK and SIRT1
• increase the activity of NAD+

• Increased activity of SIRT1, AMPK, PKC PI3/K 

• Activation of proapoptotic pathway cascades 
• Bcl-2, Akt and mTor

• Increased uric acid levels
• increase the uptake of Ca2+ ions by mitochondria
• increase the mitochondrial membrane potential 
• enhance ATP production

Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo J, Pacchiarotti I, Vieta E and Berk M (2021) The Role of Mitochondria in Mood Disorders: From Physiology to Pathophysiology and to Treatment. Front. Psychiatry 12:546801. 
doi: 10.3389/fpsyt.2021.546801 
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treament targets



Maya Kuperberg et al. Targeting Mitochondrial Dysfunction for Bipolar Disorder. Curr Topics Behav Neurosci (2021) 48: 61–100. https://doi.org/10.1007/7854_2020_152

Effect of traditional drugs

• Electron Transport Chain (ETC) – Li, Val

• Oxidative stress – Li , Val, Ltg

• Anti-apoptotic protein Bcl-2 – Li, Val, ECT increase 

• Hyperexcitability - Li

• Ca2+ & BDNF - Li

• Lactate – Li, Val, Quet decrease
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Giménez-Palomo A, Dodd S, Anmella G, Carvalho AF, Scaini G, Quevedo J, Pacchiarotti I, Vieta E and Berk M (2021) The Role of Mitochondria in Mood Disorders: From Physiology to Pathophysiology and to Treatment. Front. Psychiatry 12:546801. 
doi: 10.3389/fpsyt.2021.546801 

Upregulates Bcl- 2 
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PPARg agonists in Alzheimer’s disease 

• Rosiglitazone activates neuronal PPARg

• Increases neuronal mitochondrial biogenesis and bioenergetics
 
• Decreases the probability that mitochondrial function will fall 

below cortical bioenergetic threshold
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