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network distribution of mitochondria within the cell cytoplasm and 
perinuclear region92,93, or in specialized appendages such as presyn-
aptic terminals94, also bear direct functional significance, but only in 
the context of the cell.

Mitochondrial features. Features are the intrinsic building blocks of 
mitochondria. They are generally static molecular components, such 
as the abundance of specific proteins, membrane lipids, mtDNA integ-
rity, the density and configuration of cristae membranes, and many 
other quantifiable metrics. Most omics platforms (such as proteomics, 
lipidomics, transcriptomics and genomics) target static features. As 
demonstrated in MitoCarta52, profiling mitochondrial features pro-
vides rich information on the molecular specialization of mitochondria 

(that is, the hardware). However, quantifying mitochondrial features 
does not reflect their functional capacity or behaviours in their cellular 
context. Static measures of mitochondrial morphology and ultras-
tructure, which include quantitative measures of size (volume) and 
morphological features (length, three-dimensional morphological 
complexity, cristae density, and so on86,95) also belong to the category 
of mitochondrial features.

Mitochondrial activities. Activities are single-enzyme activities that 
are measured as dynamic processes, such as the biochemical activity 
of monomeric (for example, CS) or multimeric (for example, pyruvate 
dehydrogenase complex) enzymes. Activities are made of features but 
do not classify as mitochondrial functions. Mitochondrial activities 

a  Morphological and ultrastructural diversity of mitochondria across mammalian tissues and cells

b  Mitochondrial subpopulations in mouse brain hippocampal neurons c  Mitochondrial subpopulations in mouse and human skeletal myofibre
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Fig. 3 | Diversity in mitochondrial morphology. a, TEM micrographs 
of mitochondria in mammalian tissues and cultured cells. The 143B-ρ0 
mitochondrion lacking mtDNA is from ref. 215. Adrenal mitochondrion 
reproduced with permission from ref. 216. Liver, pancreas, brown adipocyte 
and Leydig cell mitochondria reproduced with permission from ref. 73; other 
images are from M.P.’s laboratory). Note the natural variation in morphology 
(gross shape of mitochondria), in ultrastructure (positioning and organization 

of internal cristae membranes) and overall electron density (reflecting density of 
molecular components). b,c, Three-dimensional reconstructions (b) of neural 
mitochondria from the subcellular compartments of large granule neurons 
in the mouse dentate gyrus (adapted from ref. 85), and of skeletal muscle (c) 
mitochondrial phenotypes between the SS and IMF regions of human skeletal 
muscle fibres (adapted from ref. 86). Note the variation in morphological 
complexity and volume within the mitochondrial population of the same cell.
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include the isolated enzymatic activities of OxPhos complexes96 and 
any other enzymatic activities, the isolated activity of individual IMM 
transporters like the ATP/ADP antiporter, proteases, polymerases, 
helicases, metabolite and ion transport across the IMM, to name a few 
examples.

Mitochondrial functions. Functions require at least one step to be 
physically localized within the mitochondrion, and generally involve 
multiple activities contributing to the conversion of an input into an 

output. ATP synthesis, Ca2+ homeostasis, lipid synthesis and many 
other processes are mitochondrial functions enabled by the interac-
tion of two or more (often dozens) molecular features and activities, 
cooperating as an integrated system. For example, the conversion of 
electrons from reducing equivalents into an electrochemical gradient 
(that is, membrane potential, ∆Ψm + ∆pH) is considered a mitochon-
drial function. Similarly, protein import requires the interaction of 
multiple proteins and activities to transport and process proteins from 
the cytoplasm to the mitochondrial matrix. Some functions include 
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Fig. 4 | Terminology for mitochondrial science organized as a hierarchy 
of mitochondrial needs. a, Inspired by Maslow’s pyramid of human needs217, 
depicted is a hierarchy of biological organization from molecules to complex 
organellar behaviours. Lower levels combine to enable higher levels of 
organization. Each level can be studied using specific types of laboratory 
methods and analytical approaches. Thus, different approaches provide 
different types of information about the molecular features, activities, functions 

and behaviours that define specific mitochondrial phenotypes.  
b, Operationalization and examples for different levels of organization available 
to examine and perturb mitochondrial biology. Biomedical terminology related 
to organismal characteristics (left), and terminology related to cell biology 
(middle) are provided as parallel illustrative examples at each level of description 
for mitochondrial biology.
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complex operations that involve the collaboration of mitochondria 
with other organelles. A function that illustrates this cooperativity 
is steroidogenesis within adrenal and gonadal mitochondria. Steroi-
dogenesis requires the import of cholesterol from the cytoplasm to 
the matrix via the outer mitochondrial membrane (OMM) protein 
STAR, a redox-dependent side-chain cleavage reaction by the matrix 
P450ssc enzyme, and in the case of cortisol, several steps in the endo-
plasmic reticulum (ER) followed by the final enzymatic step by the 

matrix enzyme 11-beta-hydroxylase34,97. Collectively, these features and 
activities produce the diffusible endocrine hormone cortisol, making 
cortisol synthesis a mitochondrial function.

Fe/S cluster synthesis also involves several enzymatic and bio-
chemical steps uniquely positioned in mitochondria. Both steroidogen-
esis and Fe/S cluster synthesis are mitochondrial functions essential to 
animal life; the former is specific to a few specialized mitochondria in 
the adrenal glands and gonads, while the latter is essential to the life of 
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of one or more substrates. Functions: Functions emerge from the combination 
of several activities, resulting in the transformation of inputs into outputs 

at the organelle level. Example of activities include energy transformation 
through the OxPhos system, Ca2+ regulation, macromolecule biosynthesis and 
the production of signals or outputs. Behaviours: Behaviours emerge from the 
interaction of multiple functions in collaboration with cytoplasmic and inter-
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polymorphism. MCU, mitochondrial calcium uniporter.
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OxPhos defects reduce cell division rate by 32-48%

Slower division = less DNA replication, less protein synthesis, less 
telomerase activity, less mitochondrial biogenesis, … ENERGY SAVINGS?
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OxPhos defects increase cytokine release
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OxPhos defects cause a time-dependent activation of the  
integrated stress response (ISR)
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OxPhos defects accelerate telomere shortening rate
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OxPhos defects accelerate epigenetic aging  
DNA methylation clocks

Population doublings

Steve Horvath, Morgan Levine.  
Albert Higgins-Chen
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HYPERmetabolism



Hypermetabolic cells have a  
reduced Hayflick limit

Gabriel Sturm



Sturm et al. Sci Data (2023) Gabriel Sturm
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In vivo — OxPhos defects trigger hypermetabolism and  
shorten lifespan in humans
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Bobba-Alves et al. PNEC 2023

Stress signaling

Glucocorticoid 
   hormone

Maladaptive outcomes

↑ mtDNA deletions 
↑ mtDNA mutations

↑ Telomere shortening 
↑ DNAm Age

↓ Hayflick limit

↑ Cell death

Sustained AL

ALLOSTATIC OVERLOAD

Anticipatory responses

↑ mtDNA copy number 
↑ OxPhos:Glycolysis ratio 
↑ Spare OxPhos capacity

↑ mtDNA maintenance 
↑ mtDNA replication 
↑ mito biogenesis

↑ cf-mtDNA 
↑ cf-nDNA 
↕ Cytokine

↓ Cell volume 
↓ Cell division

↑ Energy expenditure
HYPERMETABOLISM

↑ OxPhos,  
↓ Glycolysis

ALLOSTATIC LOAD

Glucocorticoid signaling increases energy expenditure by 60% 

Natalia Bobba-Alves

And accelerates cellular aging by 10-40%



Rate of living hypothesis?
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2nd law of thermodynamics

HYPERMETABOLISM



Sturm, Kempes et al. (BioRxiv)

Scaling of metabolic rate (MR) & rate of aging 



What sets the pace of aging ?

(Presomitic mesoderm) Diaz-Cuadros et al. Nature 2023 
(Neuronal development) Iwata et al. Science 2023

Sonnen. Nature 2023 (News & Views)

The rate of development can be altered by manipulating  
mitochondrial energy metabolism
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Scaling of metabolic rate (MR) & rate of aging 
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Rate of living hypothesis?

CenturiesYears / DecadesSeconds

2nd law of thermodynamics
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Aging (senescent) cells become hypermetabolic

But the whole body does not

In fact, whole body energy expenditure declines with age

Pontzer et al. Science 2021

Higher mortality

Fabbri et al. J Gerontol Biol Sci 2015 
Schrack et al. J Am Geriatr 2014 
Ruggiero et al. J Gerontol 2008



Aging (senescent) cells become hypermetabolic

But the whole body does not

In fact, whole body energy expenditure declines with age

Ferrucci et al. JAGS 2012
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Is the shared factor among hallmarks of aging ENERGY ?

ENERGY

Do the hallmarks physically intersect in the BRAIN ? 

Lopez-Otin et al. Cell 2023



Somato-cognitive energy conservation (SEC)

ENERGY

Shaulson, Cohen, Picard. Preprint (osf.io/zuey2)

http://osf.io/zuey2
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Luigi Ferrucci and colleagues 
Tanaka et al. Aging Cell 2020

UPregulation of most signaling proteins in human aging

Null hypothesis: 
50:50



Lehallier et al. Nature 2019

LETTERS NATURE MEDICINE

Quantification of proteomic changes across the lifespan uncov-
ers waves of aging-related proteins. To quantitatively understand 
the proteomic changes occurring throughout life, we developed 
the software tool differential expression-sliding window analysis 
(DE-SWAN) (Fig. 3a). This algorithm analyzes protein levels within 
a window of 20 years and compares two groups in parcels of 10 years 
(e.g., 35–45 years compared to 45–55 years), while sliding the win-
dow in increments of 1 year from young to old. Using DE-SWAN, 
we detected changes at particular stages of life and determined 
the sequential effects of aging on the plasma proteome (while also 
controlling for the effect of confounding factors). This approach 
identified hundreds of proteins changing in waves throughout 
aging (Fig. 3b). Summing the number of differentially expressed 
proteins at each age uncovered three crests at ages 34, 60 and 78 
(Fig. 3c, Extended Data Fig. 7a and Supplementary Table 13). These 
crests disappeared when the ages of individuals were permutated 

(Extended Data Fig. 7b) but were still detectable using different sta-
tistical models (e.g., smaller or larger sliding windows) (Extended 
Data Fig. 7c, Supplementary Fig. 1 and Supplementary Table 13), 
indicating the robustness of these age-related waves.

Intriguingly, the three age-related crests were largely com-
posed of different proteins (Fig. 3d and Supplementary Table 14), 
but a few proteins were among the top ten differentially expressed 
in each crest, such as GDF15, which was consistent with its pro-
nounced increase across the lifespan (Fig. 3a). Other proteins, such 
as chordin-like protein 1 (CHRDL1) or matrix metallopeptidase 12 
(MMP12), were significantly changed only at the last two crests, 
reflecting their exponential increase with age. Overlap between pro-
teins changing at age 34, 60 and 78 years was statistically significant 
(P < 0.05) but limited (Fig. 3e), and most proteins changing in old 
age were not identified by linear modeling (Fig. 3f). This prompted 
us to use SEPA to determine whether these waves reflected distinct 
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Fig. 2 | Clustering of protein trajectories identifies linear and non-linear changes during aging. a, Protein trajectories during aging. Plasma protein levels 
were z scored, and trajectories of the 2,925 plasma proteins were estimated by LOESS. b, Trajectories are represented in two dimensions by a heat map, 
and unsupervised hierarchical clustering was used to group plasma proteins with similar trajectories. c, Hierarchical clustering dendrogram. The eight 
clusters identified are represented by orange boxes. d, Protein trajectories of the eight identified clusters. Clusters are grouped by the similarity of global 
trajectories, with the thicker lines representing the average trajectory for each cluster. The number of proteins and the most significant enriched pathways 
are presented for each cluster. Pathway enrichment was tested using the GO, Reactome and KEGG databases. The top 20 pathways for each cluster are 
listed in Supplementary Table 12.
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What does GDF15 mean to the organism?



What does GDF15 mean to the organism?

Expressed in >50%  
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Mitochondrial Health Index and experimental design. (A) Schematic of human peripheral blood (leukocyte), its mitochondria, 
and internal components of the mitochondrial respiratory chain, tricarboxilic acid (TCA) cycle, and mtDNA. (B) Mathematical 
integration of two nuclear DNA (nDNA)- and partially mtDNA (mtDNA)-encoded components into the mitochondrial health index 
(MHI). (C) Study design including blood sampling and mitochondrial health assessment at Day 4, with daily assessments of 
mood and emotional states before and after blood collection.

Figure 1

Total N = 110

• Healthy controls         (n = 70)  
• mtDNA defects  

   3243A>G (group A)  (n = 20) 
   3243A>G (group B)  (n = 5) 
   Single deletion         (n = 15)    



Stress hormones & metabolites are detectable in saliva

Can we quantify cf-mtDNA and other “mitokines”  
in human saliva?

If so: this would make possible epidemiological and  
high-temporal resolution timecourse studies of GDF15

Shannon Rausser Caroline Trumpff
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