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What do mitochondria look like?





What do mitochondria do?
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“Are mitochondria the X factor?”
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How do we research mitochondria?
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diminished energy production capacity. But mitochondria are multi-
functional, performing dozens of different functions (see below). As a 
result, they can malfunction in multiple different ways. Mitochondria 
also are malleable, capable of dynamically and reversibly adapting to 
energetic, environmental and other stressors5–7. Temporary increases 
or decreases among molecular features and functions are the basis of 
adaptation—not necessarily signs of dysfunctional processes. Thus, 
letting go and clearing the mind of the simplistic analogy challenges the 
concept of ‘dysfunction’ and allows investigators to intuitively interpret 
dynamic changes more physiologically, and therefore more accurately.

Studying ‘human function’ or ‘cellular function’ would strikingly 
lack specificity and meaning for medicine and cell biology. Similarly, 
‘mitochondrial function’ is devoid of the specificity required to advance 
our science. For the two reasons noted above, we are forced to conclude 
that the terms ‘mitochondrial function’ and ‘mitochondrial dysfunction’ 
are flawed, misleading misnomers, and should generally be avoided. To 
formulate accurate models and hypotheses about the mechanisms in 
which mitochondrial biology contributes to complex cellular and organ-
ismal processes, mitochondrial science needs more specific terminology.

analogies risk impeding progress in mitochondrial science in two 
main ways. First, incomplete analogies like the ‘powerhouse’ create 
a monofunctional image of these complex organelles. This narrow 
mental image limits the spectrum of possible mechanisms by which 
mitochondria may contribute to the organism’s biology and physiology. 
In the same way that all cells are recognizable by shared gross anatomi-
cal features (for example, cell membrane and nucleus), mitochondria 
share a recognizable double membrane structure, cristae and a circu-
lar genome. Yet at a higher level of resolution, cell subtypes and their 
mitochondrial subtypes both qualitatively and quantitatively differ in 
their specific molecular features, activities, functions and behaviours. 
Unlike powerhouses whose sole function is energy transformation, 
mitochondria are multifaceted and multifunctional.

The second way in which outdated analogies can impede the field’s 
progress is by shaping terminology4. For established investigators 
with decades of historical perspective, some concepts may transcend 
terminology. However, to newcomers in the field, terminology is the 
basis of understanding. A powerhouse transforms energy, and the 
only way in which powerhouses can be ‘dysfunctional’ is by exhibiting 
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Fig. 1 | An integrative approach to mitochondrial biology. a–c, There are 
organ-specific domains of human health that guide medical investigation and 
practice (a), cell-type-specific domains of cell biology that guide biological 
theories and research practices (b) and domains of mitochondrial biology that 
guide mitochondrial science (c). d, Blind men—here scientists blindfolded by 
their perspective limited by prevailing theories, training and career history, 
available instrumentation and/or analytical methods—make valid observations 
about specific aspects of the animal under study. However, without a global 
perspective enabling them to perceive the whole animal at once, an error of logic 
is committed, leading to erroneous induction and conclusions, drawn from its 
parts, about the nature of the whole organism. e, The same type of limitation 

exists when examining mitochondria with different instruments that are blind to 
other aspects of mitochondrial biology, for example, microscopy, biochemistry, 
genomics and metabolomics. Focused reductionist approaches are necessarily 
undertaken blind to other domains of function or behaviour, yielding partially 
valid conclusions and, when taken in isolation, a largely inaccurate picture of the 
system/organelle. The history of mitochondrial research illustrates the need for 
interdisciplinary approaches and sufficiently specific terminology to examine 
mitochondrial biology and its contribution to human health. ROS, reactive 
oxygen species; MDVs, mitochondria-derived vesicles; TEM, transmission 
electron microscopy; Cyt c, cytochrome c.
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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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

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.



Nature Metabolism

Perspective https://doi.org/10.1038/s42255-023-00783-1

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

SS

Smallest Largest

IM
F

SS
IM

F

Heart cardiomyocyte (IMF) Skeletal muscle (IMF)

Adrenal gland (zona fasciculata)

Myelinated motor neuron axon

Sympathetic nerve

Brown adipocyte Testicular Leydig cells

Liver Pancreas143B-ρ0

Myelin
sheath

Axons

Dendrites

Somata

Mouse

Human

Fig. 3 | Diversity in mitochondrial morphology. a, TEM micrographs 
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reproduced with permission from ref. 216. Liver, pancreas, brown adipocyte 
and Leydig cell mitochondria reproduced with permission from ref. 73; other 
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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 
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images are from M.P.’s laboratory). Note the natural variation in morphology 
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molecular components). b,c, Three-dimensional reconstructions (b) of neural 
mitochondria from the subcellular compartments of large granule neurons 
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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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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 
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or at least a useful, step towards a maximally productive future for 
the growing field.

Towards greater specificity. Without these catch-all terms, we need a 
systematic classification system to capture all measurable elements of 
mitochondrial biology. Therefore, the second step to increase specific-
ity in mitochondrial science is to build such a system.

By analogy, medicine uses organ systems and organ-specific func-
tions to organize medical training, diagnosis and treatment. One must 
naturally specify whether the electrical rhythm of the heart (electrocar-
diogram) or brain (electroencephalogram) is to be measured, for these 
provide different functional information about the organism. Similarly, 
cell biological processes can be examined at the levels of molecular 

features that define cell types (for example, cell surface receptors and 
transcriptional factors), endogenous molecular activities (for example, 
transcription, translation and intracellular signalling), cellular functions 
(for example, secretion, migration and contraction) or sets of whole-cell 
behaviours within their environment (for example, extravasation, 
phagocytosis and developmentally induced programmed cell death).

Using the same hierarchical logic, we distinguish five main levels of 
analysis for mitochondrial biology: (1) cell-dependent mitochondrial 
properties, (2) static molecular features, (3) single-enzyme activities, 
(4) organellar functions and (5) behaviours. Figure 5 illustrates some 
examples of each level of analysis, which are described below starting 
from the smallest and most indirect, to the most complex elements of 
mitochondrial biology.
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b  Mitochondrial subpopulations in mouse brain hippocampal neurons c  Mitochondrial subpopulations in mouse and human skeletal myofibre
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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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more specific terminology and a refinement of thought. It also pro-
motes productive exchanges between experts and neophytes4.

By reflexively writing ‘mitochondrial dysfunction’, do we mean 
a decrease in ATP synthesis rate or maximal respiratory capacity, 
a metabolic shift from beta-oxidation to glutamine oxidation, a 
decrease in OxPhos subunit abundance or supercomplex assembly, 
a change in ROS production, reduced mitochondrial proteostasis, a 

change in membrane lipid composition, a compensatory increase 
in mtDNAcn, an increased cytoplasmic citrate export, or a change 
in motility or fusion dynamics among perinuclear mitochondria? 
Specificity in language begets specificity of hypotheses. In turn, clear 
hypotheses clarify the ideal experimental model(s) and approach(es) 
required to test them. Relinquishing ‘mitochondrial function’ and 
‘mitochondrial dysfunction’ from our verbiage appears as a necessary, 
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Fig. 2 | Different cell types and subcellular compartments contain 
functionally specialized mitochondrial phenotypes. a, Despite originating 
from the same progenitor haematopoietic stem cell, differentiated human 
circulating leucocyte subtypes exhibit distinct mitochondrial content and 
respiratory chain properties. b,c, Bivariate plots illustrating quantitative 
differences in mtDNAcn, CS activity and OxPhos complex I enzymatic activity. 
Data for eight different human cell subtypes, plus the heterogeneous cell 
mixture in peripheral blood mononuclear cells (PBMCs), were isolated using 
FACS. Data are from ref. 59. Note the clustering of similar mitochondrial 
phenotypes according to known immunological and immunometabolic 
differences between naïve and memory cells, or between cell subtypes 
belonging to the innate and adaptive arms. d, Functional differences among 
rat skeletal muscle mitochondria between glycolytic (type II, fast-twitch) 

and oxidative (type I, slow-twitch) muscle fibres. e–g, Three mitochondrial 
functions are shown: the sensitivity of respiration (e) to ADP concentration and 
presence of creatine (Cr), where a low Michaelis constant (Km) means that high 
respiratory rates are driven by little ADP; ROS emission (f), H2O2 release per 
unit of mitochondrion indexed by CS; the total amount of Ca2+ uptake (g) that 
mitochondria can sustain before undergoing PTP opening. −Cr, no creatine; 
+Cr, with creatine; wGas, white gastrocnemius (type II); Sol, soleus (type I); EDL, 
extensor digitorum longus (type II); AL, adductor longus (type I). Data are from 
ref. 65. h, Mouse adipocytes contain at least two different types of mitochondria: 
PDM and non-PDM (cytoplasmic). i,j, Biplots representing (i) the maximal rate 
of ATP synthesis and maximal oxygen consumption rate (OCR; i) or size versus 
motility (j). Data are from refs. 71,72. NK, natural killer.
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motes productive exchanges between experts and neophytes4.

By reflexively writing ‘mitochondrial dysfunction’, do we mean 
a decrease in ATP synthesis rate or maximal respiratory capacity, 
a metabolic shift from beta-oxidation to glutamine oxidation, a 
decrease in OxPhos subunit abundance or supercomplex assembly, 
a change in ROS production, reduced mitochondrial proteostasis, a 

change in membrane lipid composition, a compensatory increase 
in mtDNAcn, an increased cytoplasmic citrate export, or a change 
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Fig. 2 | Different cell types and subcellular compartments contain 
functionally specialized mitochondrial phenotypes. a, Despite originating 
from the same progenitor haematopoietic stem cell, differentiated human 
circulating leucocyte subtypes exhibit distinct mitochondrial content and 
respiratory chain properties. b,c, Bivariate plots illustrating quantitative 
differences in mtDNAcn, CS activity and OxPhos complex I enzymatic activity. 
Data for eight different human cell subtypes, plus the heterogeneous cell 
mixture in peripheral blood mononuclear cells (PBMCs), were isolated using 
FACS. Data are from ref. 59. Note the clustering of similar mitochondrial 
phenotypes according to known immunological and immunometabolic 
differences between naïve and memory cells, or between cell subtypes 
belonging to the innate and adaptive arms. d, Functional differences among 
rat skeletal muscle mitochondria between glycolytic (type II, fast-twitch) 

and oxidative (type I, slow-twitch) muscle fibres. e–g, Three mitochondrial 
functions are shown: the sensitivity of respiration (e) to ADP concentration and 
presence of creatine (Cr), where a low Michaelis constant (Km) means that high 
respiratory rates are driven by little ADP; ROS emission (f), H2O2 release per 
unit of mitochondrion indexed by CS; the total amount of Ca2+ uptake (g) that 
mitochondria can sustain before undergoing PTP opening. −Cr, no creatine; 
+Cr, with creatine; wGas, white gastrocnemius (type II); Sol, soleus (type I); EDL, 
extensor digitorum longus (type II); AL, adductor longus (type I). Data are from 
ref. 65. h, Mouse adipocytes contain at least two different types of mitochondria: 
PDM and non-PDM (cytoplasmic). i,j, Biplots representing (i) the maximal rate 
of ATP synthesis and maximal oxygen consumption rate (OCR; i) or size versus 
motility (j). Data are from refs. 71,72. NK, natural killer.

Nature Metabolism | Volume 5 | April 2023 | 546–562 552

Perspective https://doi.org/10.1038/s42255-023-00783-1

more specific terminology and a refinement of thought. It also pro-
motes productive exchanges between experts and neophytes4.

By reflexively writing ‘mitochondrial dysfunction’, do we mean 
a decrease in ATP synthesis rate or maximal respiratory capacity, 
a metabolic shift from beta-oxidation to glutamine oxidation, a 
decrease in OxPhos subunit abundance or supercomplex assembly, 
a change in ROS production, reduced mitochondrial proteostasis, a 

change in membrane lipid composition, a compensatory increase 
in mtDNAcn, an increased cytoplasmic citrate export, or a change 
in motility or fusion dynamics among perinuclear mitochondria? 
Specificity in language begets specificity of hypotheses. In turn, clear 
hypotheses clarify the ideal experimental model(s) and approach(es) 
required to test them. Relinquishing ‘mitochondrial function’ and 
‘mitochondrial dysfunction’ from our verbiage appears as a necessary, 
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Fig. 2 | Different cell types and subcellular compartments contain 
functionally specialized mitochondrial phenotypes. a, Despite originating 
from the same progenitor haematopoietic stem cell, differentiated human 
circulating leucocyte subtypes exhibit distinct mitochondrial content and 
respiratory chain properties. b,c, Bivariate plots illustrating quantitative 
differences in mtDNAcn, CS activity and OxPhos complex I enzymatic activity. 
Data for eight different human cell subtypes, plus the heterogeneous cell 
mixture in peripheral blood mononuclear cells (PBMCs), were isolated using 
FACS. Data are from ref. 59. Note the clustering of similar mitochondrial 
phenotypes according to known immunological and immunometabolic 
differences between naïve and memory cells, or between cell subtypes 
belonging to the innate and adaptive arms. d, Functional differences among 
rat skeletal muscle mitochondria between glycolytic (type II, fast-twitch) 

and oxidative (type I, slow-twitch) muscle fibres. e–g, Three mitochondrial 
functions are shown: the sensitivity of respiration (e) to ADP concentration and 
presence of creatine (Cr), where a low Michaelis constant (Km) means that high 
respiratory rates are driven by little ADP; ROS emission (f), H2O2 release per 
unit of mitochondrion indexed by CS; the total amount of Ca2+ uptake (g) that 
mitochondria can sustain before undergoing PTP opening. −Cr, no creatine; 
+Cr, with creatine; wGas, white gastrocnemius (type II); Sol, soleus (type I); EDL, 
extensor digitorum longus (type II); AL, adductor longus (type I). Data are from 
ref. 65. h, Mouse adipocytes contain at least two different types of mitochondria: 
PDM and non-PDM (cytoplasmic). i,j, Biplots representing (i) the maximal rate 
of ATP synthesis and maximal oxygen consumption rate (OCR; i) or size versus 
motility (j). Data are from refs. 71,72. NK, natural killer.
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Figure 1 – Immune cell subtype distribution in adult women and men. 

(a) Overview of participant demographics, blood collection, processing, and analysis pipeline. Total leukocytes were isolated using Ficoll 1119 and PBMCs were isolated on Ficoll 
1077. The five mitochondrial features analyzed on the mitochondrial phenotyping platform are colored. (b) Stacked histogram showing the leukocytes distribution derived from the 
complete blood count (CBC). (c) Diagram illustrating the proportion of circulating immune cell subtypes (% of all detected cells) quantified by flow cytometry from total peripheral 
blood leukocytes. Cell surface markers and subtype definitions are detailed in Supplemental Table 1. (d) Forest plot of the effect sizes for cell subtype distribution differences 
between women (n=11) and men (n=10). P-values from non-parametric Mann-Whitney T test. The fold change comparing raw counts between women and men and shown on the 
right. Error bars reflect the 95% confidence interval (C.I.) on the effect size. (e) Distribution of cell types proportions in women and men illustrating the range of CD4+ and CD8+ 
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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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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.
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output. ATP synthesis, Ca2+ homeostasis, lipid synthesis and many 
other processes are mitochondrial functions enabled by the interac-
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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 

OxPhos and
ATP synthesis

Ca2+ regulation ROS emission Steroidogenesis Others

Fusion and !ssion
dynamics

Motility Mito–nuclear signalling Content release Communication

mtDNA sequence
and integrity

Molecular composition Protein dynamics Ultrastructure Morphology

mtDNAcn

500,000 — Copies — 1,000
mtDNAcn: 500

Assembled
protein complexesCardiolipin

Metabolite NAD

Cristae structure Size, length, complexity

In

Out

Nanotunnels

IMJsER

Fission Fusion

ISR

MCU

Calcium retention capacityADP ATP

Cellular oxygen
consumption

(pmol O2/cell/min)

O2
CO2
H2O

Energy expenditure

ETC complex activity Membrane potential Protein import Protein synthesis Metabolite uptake

TIM/TOM complex function∆ψm + ∆pH Transcription, translation Fatty acid translocationComplex I activity

SNPs, mutations, deletions

NADH

NAD+

H+ H+ H+

[Ca2+]cyto

O2
.–

H2O2 Cortisol

Cholesterol

Vesicularization

CPT1

For complete 
list, see Table 1

Deletion(s)

Point
mutation

Matrix

IMS

DNA release

Speed, direction

Mito content/mass

Volume density

Cellular topology

Perinuclear Peripheral

Functions

Activities

Features

Behaviours

Cell-dependent 
phenotypes

Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
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-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.
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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.
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physically localized within the mitochondrion, and generally involve 
multiple activities contributing to the conversion of an input into an 
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other processes are mitochondrial functions enabled by the interac-
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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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Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
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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 
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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 
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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 
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Table 1 | Mitochondrial functions and behaviours

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Functions
aMembrane potential generation Formation of the electrochemical gradient (∆Ψm + ∆pH) across the IMM, usually 

by the electron pumping capacity of the respiratory complexes I, III and IV, but 
also by other processes including through ATP hydrolysis by the FoF1 ATP synthase 
(complex V).

104 105,106

Amino acid metabolism Lysine metabolism (lysine-α-ketoglutarate reductase, encoded by AASS). 
Electrogenic malate–aspartate shuttle system, which is important for balancing 
pyridine dinucleotide redox states across subcellular compartments. 
Branched-chain keto and amino acids. Choline and derivatives as structural 
precursors for lipoproteins, membrane lipids and the neurotransmitter 
acetylcholine. Betaine as osmoregulator and an intermediate in the cytosolic 
transulfuration pathway.

107–111 112–119

Ascorbate metabolism L-ascorbate (vitamin C) biosynthesis in many plants and animals, but not in 
primates, which serves as osmoregulator and antioxidant. Mitochondria may 
recycle oxidized (dehydro)ascorbic acid.

120 121,122

Bicarbonate metabolism Production of bicarbonate (HCO3
−) by mitochondrial carbonic anhydrase V 

(encoded by CA5A), used as a cofactor for anaplerotic reactions (for example, 
ureagenesis and gluconeogenesis) and acid–base balance. The TCA cycle is an 
important contributor to cellular/extracellular acidification due to CO2 production.

123 –

Calcium uptake and extrusion Uptake of cytoplasmic Ca2+ via the mitochondrial calcium uniporter in a 
∆Ψm-dependent manner; extrusion by the sodium/calcium exchanger NCLX 
(encoded by SLC8B1).

124–126 127,128

Hydrogen sulfide detoxification Mitochondrial sulfide quinone oxidoreductase (encoded by SQOR) oxidizes 
hydrogen sulfide to glutathione persulfide by reducing CoQ.

129–132 133

Heat production Heat generation is stimulated by uncoupling ∆Ψm + ∆pH from ATP synthesis 
(thereby increasing electron flux and respiration) by UCP1 (encoded by UCP1), the 
ADP/ATP carrier (AAC, also ANT1), or by creatine-dependent substrate cycling and 
other futile cycles.

134–137 138

Intermediate metabolism Enzymatic interconversion of metabolic intermediates to enable the synthesis of 
specific macromolecules, including five major anaplerotic ones. This includes the 
conversion of pyruvate into oxaloacetate by pyruvate carboxylase (encoded by 
PC), a critical step for de novo glucose synthesis (gluconeogenesis); citrate export 
to the cytoplasm where it is used for lipid synthesis or converted to acetyl-CoA 
for acetylation reactions; synthesis of itaconate, a derivative of cis-aconitate; 
succinate, α-ketoglutarate and others that participate in a variety of signalling 
process.

25,139,140 141,142

Fe/S cluster synthesis Synthesis of Fe/S clusters, which serve as prosthetic groups of several essential 
proteins.

12–14 143

Light focusing Mitochondria in the outer segment of the retinal photoreceptors acts as a 
‘microlens’ that focuses incoming photons, increasing visual resolution.

144 –

Lipid oxidation Beta-oxidation of long-chain, medium-chain and short-chain fatty acids into 
acetyl-CoA.

145 146

Lipid synthesis Synthesis of cardiolipin and phosphatidylethanolamine from ER precursors in the 
IMM.

147–150 –

mtDNA maintenance and expression mtDNA replication, transcription, protein synthesis and assembly of the OxPhos 
system.

151,152 153,154

Na+import/export Sodium (Na+) uptake and release against cytoplasmic Ca2+ by the sodium/calcium 
exchanger protein NCLX (encoded by SLC8B1) or by Na+/H+ antiporter (molecular 
identity pending).

124,155 156

Neurotransmitter synthesis and 
degradation

Synthesis of the cofactor BH4 (tetrahydrobiopterin), used by hydrolase 
enzymes to synthesize catecholamines and neurotransmitters (serotonin, 
melatonin, norepinephrine and epinephrine) and nitric oxide. Mitochondria 
with OMM-anchored monoamine oxidases (encoded by MAOA and MAOB, 
donate electrons and contribute to electron flow in the ETC) also degrade 
catecholamines. Mitochondria also participate in GABA metabolism.

9,157 158,159

One-carbon metabolism and 
pyrimidine synthesis

The one-carbon metabolism connects the synthesis of nucleotides (purine and 
pyrimidine), amino acids (methionine, serine and glycine), S-adenosyl-methionine 
and folate. Ubiquinone-mediated oxidation of dihydroorotate to orotate by 
dihydroorotate dehydrogenase (encoded by DHODH) is a key step in pyrimidine 
synthesis.

160–163 164

OxPhos Transduction of ∆Ψm + ∆pH generated by the electron transport chain (ETC, 
also 'respiratory chain') into ATP synthesis by the FoF1 ATP synthase (complex V), 
abbreviated as OxPhos.

165 166
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Next, we provide examples where—as for cell types—mito-
chondrial phenotypes are quantitatively defined by their (1) func-
tional characteristics, and (2) morphological and ultrastructural  
features.

Diversity in mitochondrial functions
Mitochondria differ between tissues, cell types and subcellular com-
partments. Here we provide four well-defined examples of mitochon-
drial functional specialization.

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).

Oxygen sensing The electron transport and free-radical generation by ETC complexes I and III is 
modulated by the partial pressure of oxygen, which can limit respiration at very 
low partial pressures of O2.

167–170 –

Permeability transition Opening of the high-conductance permeability transition pore (PTP), which 
dissipates membrane potential and promotes the release of intracristae and 
matrix-located components into the cytoplasm.

171,172 173–175

Protein import Import, processing and folding of nuclear-encoded polypeptides from the 
cytoplasm by the translocator of the inner membrane (TIM) and outer membrane 
(TOM) complexes and associated proteins.

176 –

Redox homeostasis Re-oxidation of enzymes and/or their redox cofactors (involved in anabolic and 
catabolic reactions) by the electron acceptors CoQ and cytochrome c (encoded 
by CYTC) within the mitochondrial respiratory chain, and production of NADPH by 
NNT.

177,178 –

Respiration Electrons stored in reducing equivalents NADH and FADH2, or derived from diverse 
redox reactions are sequentially delivered to respiratory complex I and CoQ, or 
cytochrome c, respectively, to promote the reduction of molecular oxygen at 
cytochrome c oxidase (complex IV).

179,180 181

ROS production Production and release of ROS (H2O2, O2
•-, others) mainly at respiratory chain 

complexes I and III.
182,183 184

Steroidogenesis Production of pregnanolone from cholesterol imported via IMM steroidogenic 
acute regulatory protein (encoded by STAR) followed by enzymatic transformation 
by P450ssc (encoded by CYP11A1) in the matrix. Intermediate or terminal steps for 
some steroids occur in the ER. Cytochrome P450 family members participate also 
in xenobiotic metabolism as well as bile acid and vitamin D biosynthesis.

33,34,185,186 187

Behaviours

Antiviral signalling Assembly of the mitochondrial antiviral signal (encoded by MAVS) adaptor protein 
on the OMM to potentiate downstream signalling, and activation of nuclear 
interferon pathways in the nucleus by mtDNA release.

39,188 –

Apoptotic signalling Release of cytochrome c (encoded by CYCS), apoptosis-inducing factor (encoded 
by AIF), and other proteins that trigger different forms of cell death by acting on 
cytoplasmic and nuclear effectors.

189,190 –

Cristae remodelling Dynamic remodelling of IMM cristae junctions, cristae shape and distribution via 
the combined action of optic atrophy 1 (encoded by OPA1) and mitochondrial 
contact site and cristae organizing system (MICOS) proteins.

103,191 95

DNA signalling mtDNA extrusion in the cytoplasm, particularly in the form of oxidized mtDNA 
fragments via proteinaceous pores forming across the IMM and OMM, which 
trigger inflammasome activation.

189,190,192,193 175

Epigenetic remodelling Transduction of mitochondrial states into changes in epigenome via several 
functions including metabolic intermediates, DNA release, ROS production and 
others.

30,194 –

Inter-organelle communication Exchange of information between mitochondria and other organelles, particular 
the ER, where mitofusin 2 (encoded by MFN2) plays a key role in tethering 
organelles.

195,196 197,198

Mitochondrial dynamics Mitochondrial fusion and fission through OMM-anchored and IMM-anchored 
GTPase proteins capable of merging or constricting mitochondrial membranes to 
enact fragmentation of larger organelles into smaller ones.

191,199–201 202

Mito–mito communication Exchange of information between mitochondria by soluble signals (for example, 
ROS-induced ROS release, RIRR), by complete membrane fusion, or by physical 
extensions of thin protein-carrying OMM and IMM membrane protrusions (that 
is, nanotunnels) and trans-mitochondrial cristae alignment between energized 
mitochondria.

203–206 207–209

Motility Movement of energized mitochondria across the cytoplasm via the combined 
action of motor and adaptor proteins interacting with cytoskeletal elements.

6,210 211

Vesicle formation Release of MDVs destined to different cellular fates by the action of motor and 
accessory proteins acting on the OMM and IMM.

212 213,214

aGeneration of mitochondrial membrane potential is the ‘mother’ of many other functions and behaviours, providing the driving force for the movement of ions, solutes and proteins across 
the IMM, the driving force for key enzymes and processes, including the phosphorylation of ADP into ATP (OxPhos). Mitochondrial features (that is, molecular components) and activities 
(individual enzyme and non-enzymatic activities) are too numerous to be comprehensively listed, so only functions and behaviours are included. CoQ, coenzyme Q.

Table 1 (continued) | Mitochondrial functions and behaviours
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Next, we provide examples where—as for cell types—mito-
chondrial phenotypes are quantitatively defined by their (1) func-
tional characteristics, and (2) morphological and ultrastructural  
features.

Diversity in mitochondrial functions
Mitochondria differ between tissues, cell types and subcellular com-
partments. Here we provide four well-defined examples of mitochon-
drial functional specialization.

Description Reviewed in 
ref(s).

Methods 
described in 
ref(s).
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modulated by the partial pressure of oxygen, which can limit respiration at very 
low partial pressures of O2.

167–170 –
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171,172 173–175

Protein import Import, processing and folding of nuclear-encoded polypeptides from the 
cytoplasm by the translocator of the inner membrane (TIM) and outer membrane 
(TOM) complexes and associated proteins.

176 –

Redox homeostasis Re-oxidation of enzymes and/or their redox cofactors (involved in anabolic and 
catabolic reactions) by the electron acceptors CoQ and cytochrome c (encoded 
by CYTC) within the mitochondrial respiratory chain, and production of NADPH by 
NNT.

177,178 –

Respiration Electrons stored in reducing equivalents NADH and FADH2, or derived from diverse 
redox reactions are sequentially delivered to respiratory complex I and CoQ, or 
cytochrome c, respectively, to promote the reduction of molecular oxygen at 
cytochrome c oxidase (complex IV).

179,180 181

ROS production Production and release of ROS (H2O2, O2
•-, others) mainly at respiratory chain 

complexes I and III.
182,183 184

Steroidogenesis Production of pregnanolone from cholesterol imported via IMM steroidogenic 
acute regulatory protein (encoded by STAR) followed by enzymatic transformation 
by P450ssc (encoded by CYP11A1) in the matrix. Intermediate or terminal steps for 
some steroids occur in the ER. Cytochrome P450 family members participate also 
in xenobiotic metabolism as well as bile acid and vitamin D biosynthesis.

33,34,185,186 187

Behaviours

Antiviral signalling Assembly of the mitochondrial antiviral signal (encoded by MAVS) adaptor protein 
on the OMM to potentiate downstream signalling, and activation of nuclear 
interferon pathways in the nucleus by mtDNA release.

39,188 –

Apoptotic signalling Release of cytochrome c (encoded by CYCS), apoptosis-inducing factor (encoded 
by AIF), and other proteins that trigger different forms of cell death by acting on 
cytoplasmic and nuclear effectors.

189,190 –

Cristae remodelling Dynamic remodelling of IMM cristae junctions, cristae shape and distribution via 
the combined action of optic atrophy 1 (encoded by OPA1) and mitochondrial 
contact site and cristae organizing system (MICOS) proteins.

103,191 95

DNA signalling mtDNA extrusion in the cytoplasm, particularly in the form of oxidized mtDNA 
fragments via proteinaceous pores forming across the IMM and OMM, which 
trigger inflammasome activation.

189,190,192,193 175

Epigenetic remodelling Transduction of mitochondrial states into changes in epigenome via several 
functions including metabolic intermediates, DNA release, ROS production and 
others.

30,194 –

Inter-organelle communication Exchange of information between mitochondria and other organelles, particular 
the ER, where mitofusin 2 (encoded by MFN2) plays a key role in tethering 
organelles.

195,196 197,198

Mitochondrial dynamics Mitochondrial fusion and fission through OMM-anchored and IMM-anchored 
GTPase proteins capable of merging or constricting mitochondrial membranes to 
enact fragmentation of larger organelles into smaller ones.

191,199–201 202

Mito–mito communication Exchange of information between mitochondria by soluble signals (for example, 
ROS-induced ROS release, RIRR), by complete membrane fusion, or by physical 
extensions of thin protein-carrying OMM and IMM membrane protrusions (that 
is, nanotunnels) and trans-mitochondrial cristae alignment between energized 
mitochondria.

203–206 207–209

Motility Movement of energized mitochondria across the cytoplasm via the combined 
action of motor and adaptor proteins interacting with cytoskeletal elements.

6,210 211

Vesicle formation Release of MDVs destined to different cellular fates by the action of motor and 
accessory proteins acting on the OMM and IMM.

212 213,214

aGeneration of mitochondrial membrane potential is the ‘mother’ of many other functions and behaviours, providing the driving force for the movement of ions, solutes and proteins across 
the IMM, the driving force for key enzymes and processes, including the phosphorylation of ADP into ATP (OxPhos). Mitochondrial features (that is, molecular components) and activities 
(individual enzyme and non-enzymatic activities) are too numerous to be comprehensively listed, so only functions and behaviours are included. CoQ, coenzyme Q.
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indicating bilateral punch locations.  Images acquired from the Allan Mouse Brain Atlas (Dong, H. W. The Allen reference atlas: A digital color brain atlas of the C57Bl/6J male mouse. 
John Wiley & Sons Inc. (2008). Abbreviations expanded in Table 1. 
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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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Fig. 5 | Example of measurements across domains of mitochondrial biology. 
Cell-dependent phenotypes: Frequently used mitochondrial measures such as 
mitochondrial content (also known as mitochondrial mass), mtDNAcn per cell, 
and OCR by cells or tissues do not reflect intrinsic mitochondrial properties. 
Rather, they provide information about cellular energy demand and/or cell-level 
regulatory processes controlling mitochondrial biology. Features: Features are 
molecular components that can vary in quantity or quality, generally measurable 
from frozen or dead cellular material. Activities: Activities emerge from the 
interaction of multiple features, resulting in specific enzymatic activities or 
intrinsic properties of mitochondria that change the effective concentration 
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-
organellar factors. As in cells and organisms, behaviours are best understood as 
goal driven, meaning that they reflect the coming together of several functions 
towards an end goal, such as modulating the architecture of the mitochondrial 
network through dynamics and motility, altering nuclear gene expression 
through repositioning and signalling, or optimizing cellular and organismal 
adaptation through inter-organelle and cell–cell communication2. For a list of 
mitochondrial functions and behaviours, see Table 1. SNP, single-nucleotide 
polymorphism. MCU, mitochondrial calcium uniporter.

Mitochondria are diverse, multifunctional organelles 
that transduce information
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