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Abstract: Mitochondrial dysfunction is associated with ageing, but the detailed causal relationship
between the two is still unclear. We review the major phenomenological manifestations of mitochondrial
age-related dysfunction including biochemical, regulatory and energetic features. We conclude that
the complexity of these processes and their inter-relationships are still not fully understood and at this
point it seems unlikely that a single linear cause and effect relationship between any specific aspect of
mitochondrial biology and ageing can be established in either direction.
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1. Introduction
The last two decades have witnessed a dramatic transformation in our view of mitochondria,
their basic biology and functions. While still regarded as functioning primarily as the eukaryotic
cell’s generator of energy in the form of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (reduced form; NADH), mitochondria are now recognized as having a plethora of
functions, including control of apoptosis, regulation of calcium, forming a signaling hub and the
synthesis of various bioactive molecules. Their biochemical functions beyond ATP supply include
biosynthesis of lipids and amino acids, formation of iron sulphur complexes and some stages of haem
biosynthesis and the urea cycle. They exist as a dynamic network of organelles that under normal
circumstances undergo a constant series of fission and fusion events in which structural, functional and
encoding (mtDNA) elements are subject to redistribution throughout the network. These processes are
intimately linked to the health of the mitochondrion and it would not be an exaggeration to state that
the health of the cell is a reflection of the health of its mitochondria.
The endosymbiotic hypothesis for the origin of mitochondria from aerobic bacteria engulfed by
the primitive eukaryotic cell was originally proposed by Sagan [1] and has now gained general support.
During their 1.45 billion years of co-evolution, most of the endosymbiont’s genes have been transferred
to the nucleus of the host cell and of the approximately 1500 proteins that constitute the mitochondrial
proteome, only a minority are encoded by mtDNA. In mammals mtDNA encodes 13 proteins of the
electron transport chain, 22 mitochondrial specific tRNAs and two ribosomal RNAs. This distribution
of genes across two genomes clearly implies a co-ordinate regulation of the activities of nuclear and
mitochondrial genes [2].
Mutations in mitochondrial DNA are causative of several disorders with specific clinical
manifestations and declining mitochondrial function, reflected in defects in ATP synthesis and increased
generation of toxic reactive oxygen species is a universal feature of natural ageing. It accompanies the
other hallmarks of ageing which include progressive loss of function in multiple organs, sarcopenia and
increasing maladaptive low-grade inflammation. These end in death, which is a cumulative result of
loss of function, leading to either increased vulnerability to environmental hazards such as predation
and disease or to failure of critical organ systems such as the heart, liver or kidney. Several processes
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that may contribute mechanistically to age related degeneration have been identified, including
oxidative damage, accumulation of toxic protein aggregates, autoinflammatory processes, loss of stem
cell populations and an increasing load of malfunctional senescent cells. Are these processes linked
to declining mitochondrial function and if so, is there a cause and effect relationship? if so, in which
direction does it operate?
Mitochondria
reactive
oxygen species (ROS) as a consequence of the electron
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tricarboxylic acid cycle and an increase in mitochondrially driven inflammation.
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2. Molecular Biology of mtDNA
The mammalian mitochondrial genome encodes a set of 22 mitochondrial specific tRNAs,
2 ribosomal RNAs and 13 polypeptides, all of which are components of the electron transport
chain [6,7]. It is embodied in a circular DNA molecule of 16.5 kb diameter, which is present in copy
numbers between 100 and 10,000 per cell, depending on the cell type [7]. If all of these are identical,
the cell is genetically homoplasmic, the term heteroplasmy being used to describe a cell with variant
mtDNA sequences. Such variation may arise from pre- existing mutations inherited through the germ
line or they may arise spontaneously during the lifetime of the cell. Because of the background fission
and fusion that constitutes normal mitochondrial dynamics, variant mtDNAs are likely to be shared
throughout the network, rather than characterizing individual clones of mitochondria.
The two strands are designated heavy and light, based on their nucleotide composition and most
of the coding sequences are on the heavy strand, the light strand of mammalian mtDNA encoding
eight tRNAs and a single polypeptide. mtDNA displays an economic organization, having no introns
and only a single noncoding regulatory region; both tRNA and rRNA are relatively smaller than
their cytoplasmic counterparts. There are also several differences in codon use from the universal
code, such that methionine is encoded by AUA (conventionally isoleucine), AAG and AGG are
both stop codons (arginine in the universal code) and UGA encodes tryptophan (termination in
standard code) [8]. mtDNA is organized as DNA protein complexes (nucleoids) which have a looser
structural organization of the homologous chromatin of the nuclear DNA. Nucleoids are located
preferentially at sites of mitochondrial/endoplasmic reticulum contact and their location predicts the
sites of future mitochondrial fission [9]. They contain several binding and packaging proteins, of
which the most prominent is the double box high-mobility group DNA-binding Transcription Factor A,
Mitochondrial (TFAM). Newly synthesized RNA is concentrated in RNA granules, adjacent to nucleoids
and enriched in the DNA helicase Twinkle and single strand DNA binding protein mtSSB [10].
The replication of mtDNA has several unique features that distinguish it from nucDNA replication.
As mentioned above, there is one non-coding regulatory region (NCR) which harbors promoters for
polycistronic transcription from both the light and the heavy strand and one origin of replication for
the heavy strand. A separate origin of replication lies outside the NCR. DNA synthesis is carried out
by a dedicated DNA polymerase with proof reading capability, Polγ. In human, this is a heterotrimeric
enzyme composed of a catalytic subunit (A) and two accessory subunits (B). Several additional
polymerases have been identified (PrimPol, DNA polymerase b, DNA polymerase θ and DNA
polymerase ζ) which play non overlapping roles with Polγ. Their functions are not completely
elucidated but they are non-essential for mtDNA maintenance and are possibly involved in DNA
repair processes.
Mutation rates of mitochondrial DNA are estimated to be approximately 10–70-fold higher than
nuclear DNA [11,12]. This high rate has been attributed to several different causes. mtDNA lies near
the sites of reactive free radical generation, exists in more vulnerable single stranded form for much
of the replication cycle and unlike nDNA, is not highly compacted into more protected chromatin.
However, the emerging consensus is that in spite of this, the major source of mutation in mtDNA is
copying errors introduced during replication [12,13]. Ziada et al. [13] measured rates of mtDNA point
mutations in the D loop of human patients between the ages of 2 and 72 years. They measured both
transitions (thought to arise from Polγ errors) [14,15] and transversions (thought to arise from oxidative
damage) [16] and found that both increased with age but transition mutations were more prominent,
suggesting a greater contribution of polymerase errors to accumulation of mtDNA mutations with
age. The evidence for replication errors as the major source of mtDNA mutation has been well
summarized by DeBalsi et al. [17]. Although it was originally thought that mitochondria lacked an
efficient DNA repair system [18], it is now clear that repair can take place by several mechanisms
including base excision and replacement, repair of single and double strand breaks and mismatch
repair [19]. Although these repair mechanisms can eliminate newly arising mutations, it should

Int. J. Mol. Sci. 2020, 21, 7580

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW

4 of 50

7 of 48

be noted that some repair processes are error prone and can potentially introduce new mutations
including
single
basecompared
changes and
deletions.
reduced
activity
with
their homoplasmic counterparts. This indicates that heteroplasmy

even of two normal mitochondrial genomes without deleterious mutations can produce adverse
3. Regulation of Mitochondrial Gene Expression and Age-Related Changes in Mitochondrially
physiological
Encoded
Proteins effects and provides a reason that uniparental inheritance of mtDNA may have
evolved. The molecular reason for the impaired fitness of heteroplasmic mice is less clear but the
Of the approximately
constituting
mitochondria,
only between
a small number
(13components
in human) of
authors
suggest that it1500
mayproteins
be related
to the need
for interactions
different
are encoded
in
mitochondrial
DNA
and
translated
on
mitochondrial
ribosomes.
Mitochondrial
biogenesis
the electron transport chain, which have co-evolved for maximum complementarity, deviations from
requires
close
co-ordination
of the synthesis, import and localization of the nuclearly encoded
whicha are
likely
to impair function.
cytoplasmically
synthesized
mitochondrial
proteome
with
the mitochondrial
endogenous
protein
synthesis 3′5′
A connection between life span
and the
nuclear-encoded
gene
for EXD2
(exonuclease
system.
Figure
2
indicates
some
of
the
ways
in
which
bidirectional
communication
between
nucleus
domain-containing 2), which has roles in modulating the aberrant association of mitochondrial
and messenger
mitochondrion
achieved.
In the following
discussion,
will refer
mitochondrial
RNAis with
the mitochondrial
ribosome
wasweshown
by to
Silva
et al. [74]. translation
Loss of EXD2
andresulted
mitochondrial
translation
products
to
indicate
the
process
and
products
of
in developmental delays and premature female germline stem cellintra-mitochondrial
attrition, with reduced
synthesis
on mitochondrial
ribosome;
will refer
to all in
protein
components
fecundity.
Counterintuitively,
this “mitochondrial
was associated proteins”
with a dramatic
increase
lifespan,
which could
of mitochondria,
whether
nuclearly
encoded
and
cytoplasmically
synthesized
or
mitochondrially
be reversed by antioxidant treatment. We will return later to a discussion of the relationship between
encoded
and lifespan.
synthesized.
ROS and

Figure 2. Mitochondria communicate bidirectionally with the nucleus and cytoplasm. Nuclear gene
Figure 2.isMitochondria
communicate
with
nucleus andcomponents,
cytoplasm. Nuclear
transcription
required for the
synthesis ofbidirectionally
the vast majority
ofthe
mitochondrial
is tightlygene
transcription
is
required
for
the
synthesis
of
the
vast
majority
of
mitochondrial
components,
is tightly
coordinated with mitochondrial protein synthesis and is responsive to the energetic requirements
of
coordinated
with mitochondrial
protein synthesis
and is responsive
to thefor
energetic
requirements
the cell.
Small metabolites
(e.g., 2-oxoglutarate
and succinate)
act as ligands
G protein
coupled of
the cell.
Small
metabolites
(e.g.,
2-oxoglutarate
and
succinate)
act astranscription.
ligands for G protein coupled
receptors
which
may
in turn affect
cellular
metabolism
and
nuclear gene
receptors which may in turn affect cellular metabolism and nuclear gene transcription.

Significant progress in describing the overall mitochondrial proteome has been made in recent
4. Mitochondrial
years
[20,21] and thisBiogenesis
has identified not only proteins that physically interact but also groups of
proteins that are co-regulated [22] paving the way to link mitochondrial proteomics with normal and
While rates of mitochondrial translation have been taken as measures of mitochondrial
pathophysiological regulation. Two key observations are that a large fraction of the mitochondrial
biogenesis, the vast majority of mitochondrial components are encoded in nuclear genes and
proteome is expressed in a tissue specific manner in mouse [23] and that global mitochondrial
organelle biogenesis requires coordination of the rates of synthesis and import of components from
proteomic changes are observed during ageing [24,25]. Down regulation of genes associated with
these two compartments [75]. This co-ordination involves both temporal and spatial regulation—the
electron transport activity is one common theme in ageing [26] and the result of reduced expression of
different supercomplexes of the ETC, with their mix of mtDNA and nDNA encoded components are
newly synthesized mitochondrial components may be exacerbated by an increasing inability of the
assembled at spatially distinct locations in the inner membrane [76]. In addition to providing the
ageing cell to rid itself of old and damaged mitochondria [27]. Of the 13 mitochondrial translation
protein components of the mt translation machinery, nDNA encoded gene products are required for
products examined by Short et al. [24] in normally ageing human, nine were significantly lower in
the processing of multigenic mtDNA transcripts [77]. Co-ordination of protein synthesis in the two
older subjects, the declines in COX3 and COX4 being roughly of the same order of magnitude as
compartments is under the control of nuclearly encoded genes and is sensitive to bidirectional
the decline in ATP synthetic capacity. This was assessed using substrates for complex I (glutamate,
signaling [72]. miRNAs have been implicated in this regulation in both anterograde and retrograde
malate) and complex II (succinate in the presence of rotenone) and indicated that the synthesis per g
directions; miR-1 increases mitochondrial translation during muscle differentiation [78],
of tissue declined by about 8% per decade or 5% if the data were expressed per mg mitochondrial
mitochondrial COX1 mRNA expression is increased by nuclear-encoded miR-181c [79] and miR-663
controls mitochondria-to-nucleus retrograde signaling [80]. The exonuclease Myg1 was recently
identified as a key component in the co-ordinate regulation of the nuclear and mitochondrial
translation machinery [81]. It is located in both the nucleolus (where it regulates cytoplasmic
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protein. They also showed that in normally ageing human, mtDNA and mtRNA abundance declined
together with mitochondrial ATP production. In a separate study, quantitative mass spectrometry in
mitochondria isolated from the brain of 5, 12 and 24 month old mice revealed changes in the expression
of proteins involved in catabolic pathways and generation of metabolites, further highlighting that
age-specific metabolic demands may influence the patterns of protein synthesis [25]. The induction
of senescence (discussed more fully later) has also been linked to deterioration of mitochondrial
OXPHOS [28–30].
An accumulation of mtDNA mutations with age or age-related disorders has been found in
a variety of human tissues, including skeletal muscle [31,32] and brain [33–35] and heart [36]. All of
the 13 polypeptides encoded by the human mitochondrial genome are subunits of the respiratory
chain complexes, which in every case also contain subunits encoded by nDNA. Complex I is the first of
the ETC complexes and catalyzes the transfer of electrons from NADH to ubiquinone. It contains the
highest proportion of mtDNA encoded polypeptides of any complex, seven in the case of mammals.
Mitochondrial genes ND1-6 are subunits of complex I, cytochrome b is the sole mitochondrial component
of complex III, three cytochrome oxidase subunits of complex IV are encoded by genes Cox1-3 and
ATP6 and ATP8 are subunits of the ATP synthase complex V. Complex II (succinate dehydrogenase)
alone contain no mtDNA encoded subunits. The 12S and 16S ribosomal RNAs and 22 mitochondrion
specific tRNAs complete the components encoded by mtDNA. Point mutations and deletions can
occur in all of these genes and more than 300 such defects have been described [37]. Known genetic
variants haplotypes have also been associated with specific components of the ETC, for example, the N
haplogroup, the most common in Australia, encodes an allele of the ND3 gene, a subunit of complex I
(m.10398A, ND3:114Thr) which is associated with increased ROS production [38].
We will now consider a few examples of well characterized mitochondrial mutations and their
effects on energetic metabolism. As noted above, both complex I and complex III contain mitochondrially
encoded subunits. These two complexes are the main sites of generation of free radicals. Failure of
either complex can result in the production of a superoxide radical (O2 .− ). Superoxide can be detoxified
by conversion to hydrogen peroxide by either superoxide dismutase and superoxide reductase [39],
hydrogen peroxide being further converted to water and oxygen by catalase or glutathione peroxidase.
A frameshift mutation in ND5 (complex I) identified by its resistance to the electron transport inhibitor
rotenone was subsequently found to be identical to a defect in colorectal cancer lines [40]. Cell lines
bearing this mutation had lower rates of ATP synthesis and higher levels of mitochondrial superoxide,
although cytoplasmic hydrogen peroxide was not elevated, a result of an adaptive increase in expression
of antioxidant enzymes. The decline in mitochondrial function and sensitivity to additional oxidative
stress were dependent on the degree of heteroplasmy in a series of mouse cybrids carrying different
proportions of a nonsense mutation in ND5. Mutations in other subunits of complex I are associated
with Leber’s hereditary optic neuropathy (LHON) and display increased ROS generation [41,42].
Only one subunit of complex III, cytochrome b, is encoded by mtDNA. Nonsense, missense or
frameshift mutations within the cytochrome b gene (MTCYB) are associated with complex III deficiency
in muscle and a clinical presentation involving exercise intolerance [43]. In a longitudinal study of
the NMRI mouse model of normal ageing, Reutzel et al. [44] measured brain mitochondrial function,
cognitive performance and molecular markers every 6 months until mice reached the age of 24 months
using 3-month-old mice as normal controls. At 6 months, expression of several mitochondrially related
genes (complex IV, creb-1, β-AMPK and Tfam) were significantly elevated but mitochondrial respiration
was reduced already by 12 months and ATP levels by 18 months. Similar findings on mitochondrial
respiration were reported earlier in ageing primate [45] and rat brain [46]. Reduced mitochondrial
membrane potential was seen but only in 24-month mice. Other studies in several tissues of C57bl/6
mice showed only a modest change in the ratios of activities of different components of the respiratory
chain [47], although this would still likely result in reduced efficiency of the ETC. A potentially
important observation in this study was that activities of the complexes were more adversely affected
in tissues such as brain, heart and skeletal muscle, whose parenchyma is composed of postmitotic
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cells, than those in the liver and kidney, which are composed of slowly dividing cells. Decreases in
expression of markers associated with mitochondrial biogenesis such as PGC1α, Nrf1 and TFAM were
found in the livers of ageing rats [48] which also displayed reduced mtDNA content.
Impaired ability to switch between glycolysis and efficient OXPHOS may also result from
mutations in mtDNA and these may affect cell fate decisions and the induction of senescence. This is
discussed in greater detail in Section 7 but here we note that stem cells are typically glycolytic with
a low abundance of mitochondria [49] and several types of adult stem cell including neural and
hematopoietic require a shift to OXPHOS in order to differentiate [50,51]. A declining ability of
mitochondria to carry out efficient OXPHOS or quality control through dynamics and the mtUPR may
therefore have an impact on one key aspect of ageing, the inability effectively to replenish stem cell
pools and produce specialized post mitotic cell types in various organ systems [52].
The induction of senescence has also been linked to deterioration of mitochondrial OXPHOS [53].
The four respiratory complexes of the electron transfer chain are composed of multiple protein subunits
but the use of non-denaturing gel technology indicated that these themselves may be organized in
higher order structures known as supercomplexes [53–56]. These observations have been confirmed
in several more recent studies in which the structures of such complexes have been solved at high
resolution [57–59]. The physiological significance of supercomplex assembly has been debated [57] and
has been reviewed recently by Baker et al. [58]. Changes in the composition of the supercomplexes with
age were described by Gomez et al. [59] who showed that most supercomplexes exhibited some decrease
with age in rat heart—the larger complexes presenting the greatest decrements—while Frenzel et al.
made similar observations in ageing rat cerebral cortex [60]. However, other studies found either
opposite changes (an age related increase in I/III/IV supercomplex in ageing rat skeletal muscle [61]
and O’Toole et al. [62] found no age associated change in supercomplex formation in ageing rat kidney.
The precise physiological significance of the supercomplex is still under discussion (original suggestions
include enhanced efficiency of electron transfer, substrate channeling, structural roles in the inner
mitochondrial membrane or provision of a reserve pool of inactive respiratory complexes ready for
activation when needed) and has been reviewed recently [63]. They were also proposed to play a role
in limiting ROS production [64] in an hypothesis that linked the free radical theory of ageing to an
increase in ROS production arising from supercomplex destabilization. Furthermore, the role of lipids,
notably cardiolipin, in maintaining supercomplex structure has been noted (e.g., by Frenzel et al. [60]
and if (as suggested later) cardiolipin is particularly subject to alteration by peroxidation, this would
link ROS production, lipid peroxidation and supercomplex disruption with consequent accelerated
ROS generation into a vicious cycle of increased damage and decreased mitochondrial function with
ageing [65].
Overall rates of mitochondrial translation have been measured in vivo in human skeletal muscle
and reported to decrease by approximately half between the ages of 24 and 54, with little further change
thereafter [66]. The opposite was found by Miller et al. [67] who reported an increase in rat skeletal
muscle mitochondrial translation with age. However, the rate of mitochondrial translation is rapidly
responsive to changing energy demands and nutrient status [68] and factors such as exercise, diet and
overall physiological status. Rates of mitochondrial translation should therefore be considered together
with rates of turnover and the status of the mitochondrial proteostasis system, to be discussed later.
It is conceivable, for example, that a higher rate of synthesis may be correlated with higher rates of
clearance of aged and damaged mitochondrial proteins, confounding the expectation of lower synthetic
rates with age. Shekar et al. [69] found that under conditions of heart failure, which is associated with
reduced mitochondrial function, the turnover rate of several proteins involved in fatty acid oxidation,
electron transport chain and ATP synthesis was increased. On the other hand, even mild heat stress
causes reduced rates of mitochondrial protein synthesis, which is correlated with aggregation of the
essential mitochondrial translation factor Tufm [70]. This aggregation and inactivation was interpreted
as a protective response—by reducing mitochondrial protein synthesis, the accumulation of other
aggregated mitochondrially synthesized proteins under stress conditions is avoided and this makes
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the point that changes in rates of synthesis or abundance of some proteins as a result of stress or ageing
are not necessarily indicative of degenerative change.
In yeast, the accuracy of mitochondrial translation was shown to be a critical determinant of
lifespan [71]. Mutations reducing the fidelity of translation in the conserved accuracy center of the
yeast mitoribosome shortened chronological lifespan, while mutations leading to enhanced fidelity
extended it. The effects of these mutations on lifespan is due to a coordinated quality control network
integrating the mitochondrial protein synthesis with a cytoplasmic translational stress response
which also included mechanisms dealing with aggregated proteins. However, mammals behave quite
differently. Ferreira et al. [72] generated error prone and hyper accurate yeast and mouse cells and found
that for the mammal, the rate of translation is more important than accuracy. Increased accuracy of
mitochondrial translation slowed the rate of synthesis without inducing a compensatory stress response.
This had a severe impact on mice carrying the mutation, which developed cardiopathy. An increased
rate of mitochondrial mistranslation induced mitochondrial stress signaling, which accelerated
mitochondrial biogenesis; it also affected telomerase expression and cell proliferation and the net result
was to normalize metabolism.
The effects of heteroplasmy (multiple mitochondrial genomes within the somatic cells of an
organism) are discussed more fully below but relevant to the need to for efficient co-operation
between mitochondrially encoded subunits of the ETC and nuclearly encoded genes is the study of
Sharpley et al. [73] which demonstrated that when mice containing a mixture of mt DNA from two
different strains (129 and NZB mtDNAs, which differ in 91 nucleotides including 15 missense mutations)
was produced, the two mt genomes increasingly segregated from each other in subsequent generations
to produce mice with pure (homoplasmic) mtDNA from either source or a heteroplasmic mixture from
the two parental strains. The heteroplasmic mice exhibited reduced oxidative phosphorylation reserve
capacity, accentuated stress responses, cognitive impairment and reduced activity compared with
their homoplasmic counterparts. This indicates that heteroplasmy even of two normal mitochondrial
genomes without deleterious mutations can produce adverse physiological effects and provides a
reason that uniparental inheritance of mtDNA may have evolved. The molecular reason for the
impaired fitness of heteroplasmic mice is less clear but the authors suggest that it may be related to
the need for interactions between different components of the electron transport chain, which have
co-evolved for maximum complementarity, deviations from which are likely to impair function.
A connection between life span and the nuclear-encoded gene for EXD2 (exonuclease
0
0
3 5 domain-containing 2), which has roles in modulating the aberrant association of mitochondrial
messenger RNA with the mitochondrial ribosome was shown by Silva et al. [74]. Loss of EXD2
resulted in developmental delays and premature female germline stem cell attrition, with reduced
fecundity. Counterintuitively, this was associated with a dramatic increase in lifespan, which could be
reversed by antioxidant treatment. We will return later to a discussion of the relationship between
ROS and lifespan.
4. Mitochondrial Biogenesis
While rates of mitochondrial translation have been taken as measures of mitochondrial
biogenesis, the vast majority of mitochondrial components are encoded in nuclear genes and organelle
biogenesis requires coordination of the rates of synthesis and import of components from these two
compartments [75]. This co-ordination involves both temporal and spatial regulation—the different
supercomplexes of the ETC, with their mix of mtDNA and nDNA encoded components are assembled
at spatially distinct locations in the inner membrane [76]. In addition to providing the protein components
of the mt translation machinery, nDNA encoded gene products are required for the processing of
multigenic mtDNA transcripts [77]. Co-ordination of protein synthesis in the two compartments is under
the control of nuclearly encoded genes and is sensitive to bidirectional signaling [72]. miRNAs have
been implicated in this regulation in both anterograde and retrograde directions; miR-1 increases
mitochondrial translation during muscle differentiation [78], mitochondrial COX1 mRNA expression is
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increased by nuclear-encoded miR-181c [79] and miR-663 controls mitochondria-to-nucleus retrograde
signaling [80]. The exonuclease Myg1 was recently identified as a key component in the co-ordinate
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW
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The expression of genes contributing to mitochondrial biogenesis requires transcriptional
activators and co-activators. The former can bind recognition sites in the promoters of target genes
and initiate transcription. The major transcriptional activators of mitochondrial biogenesis programs
so far identified are Nrf-1 and Nrf-2 (also known as GA binding protein, GABP), Estrogen-related-
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The expression of genes contributing to mitochondrial biogenesis requires transcriptional activators
and co-activators. The former can bind recognition sites in the promoters of target genes and initiate
transcription. The major transcriptional activators of mitochondrial biogenesis programs so far
identified are Nrf-1 and Nrf-2 (also known as GA binding protein, GABP), Estrogen-related-receptors
(ERR—α, β and γ), CREB, FOXO, PPARδ and cMyc [93–95] and their regulation by physiological stimuli
is indicated in Figure 3. Their targets may include both mtDNA and nDNA encoded genes. Thus,
Nrf1 initiates transcription of components of the OXPHOS system, some of which are mitochondrially
encoded [96] and nuclearly encoded genes for mitochondrial proteins such as transporters and elements
of the mitochondrial transcription/translation system including Tfam and mitochondrial ribosomal
proteins [96]. It is regulated positively by interactions with PGC1α and negatively by interaction with
cyclin D1 [96]. The related transcription factor Nrf2 has overlapping but not identical patterns of gene
induction [97]. Nrf1 knockout mice are embryonic lethal and fail to maintain mtDNA [98] while Nrf2
knockouts are viable but exhibit impaired antioxidant defenses [99]. This suggests that a basal level of
Nrf1 is required for normal mitochondrial biogenesis but this is enhanced in response to physiological
signals triggering accelerated biogenesis [100–102].
The group of estrogen related receptors comprise three related nuclear receptors, ERRα, ERRβ and
ERRγ of which the best studied is ERRα, which regulates the transcription of proteins involved
in electron transport, the TCA cycle and mitochondrial dynamics [103,104]. In contrast to Nrf1,
ERRα knockout mice are viable and fertile but show reduced ability to deal with exercise induced
stress [105], suggesting that either other members of the receptor family can compensate for the loss of
ERRα or that its functions are unnecessary for basal mitochondrial biogenesis. ERRγ knockouts have
a more severe phenotype, display cardiac defects and die perinatally [106].
The activities of these transcription factors are coordinated by transcriptional co-activators, of which
the best studied is PGC1α, together with its related coregulators PGC-1β and PRC. Positive and
negative regulators of mitochondrial protein synthesis that are responsive to such physiological factors
as exercise, hormonal status and nutritional status converge on PGC1α, commonly referred to as the
master regulator of mitochondrial biogenesis. It is subject to post-translational activation by a wide
array of upstream elements including 50 AMP-activated protein kinase (AMPK), glycogen synthase
kinase-3 (GSK-3) and Sirtuin1 (SIRT1). Collectively, these transduce signals related to the physiological
status and energy demand of the organism. Various physiological signals activate mitochondrial
biogenesis, including exercise, nutritional status (including caloric restriction), cold, hormonal status
and the circadian clock. Thus, AMPK acts a sensitive indicator of the ratio of cellular ATP: (AMP/ADP),
becoming activated in conditions of ATP depletion, whether caused by nutritional insufficiency such as
caloric restriction or depletion of ATP due to exercise. It phosphorylates and activates Sirt1, which in turn
deacetylates and activates PGC1α, resulting in increased transcription of mitochondrial genes [107,108].
During endurance exercise, AMPK activation of PGC1α is supplemented by PKA/CREB transcriptional
upregulation consequent upon PKA activation occurring as a result of sympathetic activation of
β-adrenergic receptors. ERRβ signaling is also upregulated in endurance exercise via upregulation
of its ligand neuregulin [109,110] and contributes to an increased expression of the mitochondrial
proteome. The sympathetic nervous system responds to cold by an increase in α-adrenergic signaling,
which again leads to PKA phosphorylation and PGC1α upregulation via P38 [111].
These examples should be sufficient to illustrate the generalization that transcriptional control of
mitochondrial genes is highly responsive to changing conditions and involves an integration of signals
from many pathways. In addition, it can be tissue specific and involve autoregulatory feed forward or
backward loops-ERRα and PGC-1α induce their own expression and in addition to activating ERRα
GABP and NRF-1, PGCα also increases their expression levels. ERRα enhances the expression of both
GABP and the negative regulator RIP140.
We return to the key question of whether there is evidence for dysregulation of this complex
network with ageing and the extent to which this could account for decreasing mitochondrial function
with age. We have already discussed the down regulation of genes associated with electron transport
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as a one common theme in ageing (Section 2 above) and the result of reduced expression of newly
synthesized mitochondrial components may be exacerbated by an increasing inability of the ageing
cell to rid itself of old and damaged mitochondria [27]. The mitotic status of the tissue under study
may also be relevant, as long lived post mitotic cell types which are not replaced are more at risk
from accumulation of defective mitochondria if they cannot be eliminated. In a study of ageing skin
fibroblasts, Kalfalah et al. [112] found down-regulation of mitochondrial genes and corresponding
decreases in mitochondrial content as the most prominent changes with age. This was associated
with a (compensatory?) upregulation of AMP), increased PGC1α mRNA levels and decreased levels
of Sirt1. Although aged cells still responded to pharmacological AMPK stimulation with induction
of mitochondrial gene expression, the PGC1α-independent mitochondrial biogenesis response to
starvation was attenuated and accompanied by increased ROS-production. Reduced AMPK activity has
been reported in aged animals [113] and is directly linked to age-related insulin resistance and impaired
fatty-acid oxidation [114–116]. This makes the point that an overall reduction in mitochondrial function
need not imply a specific primary defect in mitochondria but rather a failure in the integration and
transmission of the upstream physiological monitoring systems.
Relevant to this question is the finding of a transcriptional signature associated with caloric
restriction, which delays age-related degenerative changes [117]. This signature includes genes in the
functional category of mitochondrial energy metabolism and is conserved across species in Drosophila,
rodents and rhesus monkeys. The same transcriptional signature was also seen in mouse genetic models
of retarded ageing. It appears to involve Sirt3 signaling as a critical element and sirtuins are emerging
as a central locus of the age-related decline in expression of the mitochondrial transcriptomes [118–120].
The reduction in sirtuin activity with age is likely linked to the age-related reduction in NAD levels
discussed above and thus plausibly links the two processes with changes in fundamental aspects of
mitochondrial biology [121].
5. Biochemistry of Mitochondrial Ageing
5.1. Small Metabolites
Changes in levels of several key metabolites are seen with age. However, in what follows, it is
important to bear in mind that some changes may be more evident in some species than others and
may also be tissue specific.
Coenzyme Q (2,3 dimethoxy-5-methyl-6-decaprenyl-1,4-benzoquinone; CoQ10, ubiquinol), is a
small lipophilic molecule that is found in all biological membranes. It plays a key role in the inner
mitochondrial membrane, where it functions as an electron acceptor and donor, transferring electrons
between complexes I/II and III and interconverting between three forms, from fully oxidized ubiquinone,
through partially oxidized semiquinone to fully reduced ubiquinol [122]. CoQ is linked to mitochondria
not only by its key roles in electron transport and anti-oxidant activity within the organelle but also
because the terminal steps of its biosynthesis are carried out within mitochondria by an enzyme
complex of at least 12 proteins [123]. Its ability to function as an electron acceptor allows CoQ to
function as an antioxidant, protecting membranes from oxidative damage and also recycling other
antioxidant molecules such as ascorbate and a-tocopherol [124]. Levels of Coenzyme Q decline with
age in some but not all tissues in both rodents [125] and human [126].
In addition to forming a key component of the body’s anti-oxidant system, CoQ may reduce
the activation of NfκB by free radicals, thereby acting as a brake on chronic inflammation which is
progressively relaxed as CoQ levels decline with age [127]. Some genetic defects in CoQ synthesis lead
paradoxically to an increased life span [128] which is possibly due to mitohormesis, where production
of a certain level of ROS initiates upregulation of antioxidant defenses to a degree that the overall
benefit is greater than the damage sustained by the increased ROS [129].
The Krebs cycle (citric acid cycle, tricarboxylic acid cycle) is a series of enzymes localized in the
mitochondrial matrix which catalyze successive stages in the conversion of acetyl CoA (itself derived
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from nutrient carbohydrate, fats and proteins), into ATP and carbon dioxide. It is a central component
of many other biochemical pathways and in addition to ATP, generates reducing equivalents in the
form of NADH and FADH2 and some amino acid and lipid precursors. Its major steps are indicated
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW
11 of 48
in Figure 4.
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Figure 4. The tricarboxylic acid cycle (TCA), also known as the citric acid cycle of Krebs cycle occurs
the mitochondrial matrix. It functions to supply ATP, NADH and biochemical intermediates for a variety
in the mitochondrial matrix. It functions to supply ATP, NADH and biochemical intermediates for a
of metabolic pathways. 2-carbon acetyl CoA derived from glycolytic pathways reacts with 4-carbon
variety of metabolic pathways. 2-carbon acetyl CoA derived from glycolytic pathways reacts with 4oxaloacetate in the first step and a linked series of reactions results in the synthesis of two carbon dioxide
carbon oxaloacetate in the first step and a linked series of reactions results in the synthesis of two
molecules, three NADH, one FADH2 and one ATP molecule per cycle, regenerating oxaloacetate as it
carbon dioxide molecules, three NADH, one FADH2 and one ATP molecule per cycle, regenerating
does so. Several TCA cycle intermediates have potential roles as epigenetic regulators and ligands for
oxaloacetate as it does so. Several TCA cycle intermediates have potential roles as epigenetic
G protein coupled receptors. 2-Oxoglutarate is also known as α-ketoglutarate.
regulators and ligands for G protein coupled receptors. 2-Oxoglutarate is also known as αketoglutarate.
The Krebs cycle has also been proposed as an important component of anti-oxidant defenses via
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The Krebs cycle has also been proposed as an important component of anti-oxidant defenses via
roles, 2-oxoglutarate is also a substrate for 2-oxoglutarate-dependent dioxygenases (2-OGDO) [131].
the formation of 2-oxoglutarate (also known as α-ketoglurate) [130]. In addition to its anti-oxidant
These constitute a family of enzymes regulating DNA and histone methylation, including Ten-Eleven
roles, 2-oxoglutarate is also a substrate for 2-oxoglutarate-dependent dioxygenases (2-OGDO) [131].
Translocation (TETs) and Jumonji C domain containing (JmjC) demethylases and they are inhibited by
These constitute a family of enzymes regulating DNA and histone methylation, including Ten-Eleven
two other Krebs cycle intermediates, succinate and fumarate. The regulation of enzymes controlling
Translocation (TETs) and Jumonji C domain containing (JmjC) demethylases and they are inhibited
epigenetic changes in DNA provides a potential link between age related changes in mitochondrial
by two other Krebs cycle intermediates, succinate and fumarate. The regulation of enzymes
Krebs cycle activity with changes in nuclear gene expression that may contribute to the ageing
controlling epigenetic changes in DNA provides a potential link between age related changes in
process [132].
mitochondrial Krebs cycle activity with changes in nuclear gene expression that may contribute to
Aconitase catalyzes the stereospecific dehydration-rehydration of citrate to isocitrate, the first step
the ageing process [132].
in the Krebs cycle. It is subject to regulation by redox status as its catalytic activity is regulated by
Aconitase catalyzes the stereospecific dehydration-rehydration of citrate to isocitrate, the first
reversible oxidation of the iron-sulphur cluster [4Fe-4S]2+ . Age dependent reductions in aconitase
step in the Krebs cycle. It is subject to regulation by redox status as its catalytic activity is regulated
activity in rat heart and liver were described by Delaval et al. [133] and in kidney mitochondria of mice
by reversible oxidation of the iron-sulphur cluster [4Fe-4S]2+. Age dependent reductions in aconitase
by Yarian et al. [134]. The latter compared young, middle aged and old mouse kidney and found that
activity in rat heart and liver were described by Delaval et al. [133] and in kidney mitochondria of
of all the Krebs cycle enzymes, aconitase showed the most significant decrease of activity with age.
mice by Yarian et al. [134]. The latter compared young, middle aged and old mouse kidney and found
Although not considered to be the rate limiting step of the Kreb’s cycle, such functional decreases in
that of all the Krebs cycle enzymes, aconitase showed the most significant decrease of activity with
aconitase activity may contribute to the overall decline in energetic efficiency with age.
age. Although not considered to be the rate limiting step of the Kreb’s cycle, such functional decreases
Krebs cycle intermediates may play additional roles in signaling mechanisms relevant to some
in aconitase activity may contribute to the overall decline in energetic efficiency with age.
disorders of ageing. Thus, succinate is a ligand for a G protein coupled receptor, GPR91 and a related
Krebs cycle intermediates may play additional roles in signaling mechanisms relevant to some
receptor GPR99 recognizes oxoglutarate [135]. Succinate increases blood pressure, an effect not
disorders of ageing. Thus, succinate is a ligand for a G protein coupled receptor, GPR91 and a related
receptor GPR99 recognizes oxoglutarate [135]. Succinate increases blood pressure, an effect not seen
in GPR91 knockout mice and there is therefore a plausible link between alterations in Krebs cycle
intermediates and some disorders associated with ageing such as renal hypertension and
atherosclerosis [136]. GPR91 is also expressed in ganglion cells of the retina. During the development
of diabetic retinopathy, succinate levels increase in the retina, activating GPR91 and up-regulating
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seen in GPR91 knockout mice and there is therefore a plausible link between alterations in Krebs
cycle intermediates and some disorders associated with ageing such as renal hypertension and
atherosclerosis [136]. GPR91 is also expressed in ganglion cells of the retina. During the development of
diabetic retinopathy, succinate levels increase in the retina, activating GPR91 and up-regulating VEGF
signaling [137] which plays a central role in mediating microvascular and macrovascular pathology
in diabetes.
An intriguing link between ageing and subtle changes in the production or distribution of Krebs
cycle intermediates and ageing is suggested by the life-extending Dropsophila gene indy, which functions
as an ion transporter with similarity to mammalian sodium–dicarboxylate cotransporters [138].
Mutations which impair this gene’s function may extend Drosophila lifespan by 80% and knockdown
of the homologous citrate transporter ceNaC-2 increases the lifespan of nematodes [139].
One striking biochemical correlate of ageing with a clear connection to mitochondrial function is
the decrease with age of nicotinamide adenine dinucleotide (NAD); in vivo NAD assay reveals the
intracellular NAD contents and redox state in healthy human brain and their age dependences [140].
Structurally NAD comprises two nucleotides, adenine and nicotinamide, linked by their phosphate
groups and can exist in reduced (NADH) and oxidized (NAD+ ) forms. NAD was first described as
an essential cofactor in the fermentation of glucose by yeast extract by Sir Arthur Harden in 1906,
occurs in all living cells and was initially thought to function mainly as a cofactor in transferring electrons
in redox reactions. It is now appreciated that NAD is involved in a wide variety of regulatory activities
and has intimate links both to mitochondrial function, organismal health and ageing. The direct link
between NAD levels and ageing is indicated by the observation that NAD repletion enhances life span
in mice [141].
NAD is produced via three different pathways, with initial starting points of nicotinic acid
(Preiss–Handler pathway (PHP), tryptophan (the de novo synthesis pathway) and nicotinamide
(NAM—the salvage pathway (see Figure 5). Within mitochondria, NAD functions as an electron
acceptor at four steps of the TCA cycle and in fatty acid oxidation, in which reactions it is converted
to NADH. The NADH then acts as an electron door at complex I of the electron transport chain.
The mitochondrial and cytoplasmic NAD pools are distinct. NAD is made in the cytoplasm and
shuttles into the mitochondrion via NAD/NADH shuttle, principally the malate-aspartate and
glycerol-3-phosphate shuttles. However, it appears that mitochondria may have an independent NAD
biosynthetic capability [142].
In addition to its role as an electron carrier in redox reactions, NAD has important functions in
multiple pathways and mechanisms with relevance to ageing. It is a substrate for the DNA repair
enzyme poly-ADP-ribose polymerase (PARP), which builds oligomers of ADP-ribose attachments
to histones at sites of DNA damage [143]. PARP activation is related to health and longevity in
a double-edged manner. Although DNA damage repair is a prosurvival activity, PARP is an avid
consumer of both NAD and ATP [144] and depletion of these metabolites by PARP activation is a cause
of cell death in some situations [145]. Having lower affinities for NAD than PARP, Sirt enzymes
compete for the dwindling pool of NAD less efficiently than PARP and their activities, which include
activation of mitochondrial biogenesis [146–149] are curtailed. The situation is exacerbated by PARP
mediated inhibition of glycolysis via the inhibition of hexokinase 1 [150]. Under acute stress conditions,
PARP inhibition may preserve NAD and ATP levels and allow cellular survival [151]. However,
PARP activity chronically correlates with species-specific lifespan [152] and centenarians have higher
PARP activity than a control group of subjects between the ages of 20 and 70 [153].
In addition to repairing strand breaks in DNA, PARP activity may also be required for the
maintenance of telomeres, the repetitive DNA structures found at the ends of chromosomes [154–157].
Telomere shortening occurs through life, has been shown to be the cause of the replication exhaustion
of populations such as fibroblasts (first described by Hayflick and Moorhead in 1961) [158] and has
been proposed as a risk factor for age related diseases [159,160]. It is not clear whether declining NAD
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CD38 (cluster of differentiation 38), also known as cyclic ADP ribose hydrolase is a multi-functional
enzyme which, amongst other activities, catalyzes the cyclisation of NAD to produce cyclic ADP ribose,
which it also uses as a substrate to produce linear ADP ribose [161]. Originally identified as a cell
surface antigen present on cells of the immune system, it is now known to be expressed ubiquitously in
all tissues. Its products cyclic ADP ribose (cADPR) and nicotinic acid adenine dinucleotide phosphate
(NAADP) regulate calcium concentrations by acting at the ryanodine receptor (cADPR) or at acidic
calcium stores (NAADP) [162]. CD38 is a major consumer of NAD [163], is induced under inflammatory
conditions [164] and its expression increases with age [165,166]. As general systemic inflammation also
increases with age [167–171] a causal relationship may exist between increased CD38 expression and
decreasing NAD levels. The major age-related changes in NAD producing and consuming enzymes
are indicated in Figure 6.
Accumulation of dysfunctional post-mitotic senescent cells is also a general feature of ageing
and clearance of these alleviates some ageing associated disorders [172–174]. As CD38 is induced by
factors secreted by senescent cells, this provides a further link between CD38, NAD and ageing [175].
The central role of CD38 is supported by the observation that a potent CD38 inhibitor ameliorates
metabolic dysfunction in aged mice [176]. A direct link between these processes and mitochondrial
dysfunction was demonstrated by Camacho-Pereira et al. [166] who showed that although expression
levels of Sirt3 were similar in one year old wild type and CD38 knockout mice, the level of mitochondrial
protein acetylation in the knockouts was lower than that of the wild type and the activity of liver Sirt3
in the presence of endogenous levels of liver NAD was 3.5 times higher in CD38KO than WT mice.
Intrinsic Sirt3 activity was similar when measured in the presence of excess NAD, suggesting a causal
relationship between the higher CD38, lower NAD and lower SirT3 activity observed with ageing.
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genes such as PGC1a, PPAR, TFAM and FOXO1.3 and upregulation of NFκB.

5.2. Mitochondrial Proteases
A set of proteases mainly or exclusively expressed in mitochondria carry out a diverse array of
functions. These include participating in mitochondrial proteostasis by carrying out various steps of
the mitochondrial unfolded protein response, removing mitochondrial-targeting pre-sequences from
cytoplasmically synthesized but mitochondrially destined proteins, rapid degradation of short-lived
regulatory proteins and regulating mitochondrial dynamics, mitophagy and apoptosis pathways [177].
These proteases number approximately 20–25 depending on the criteria used to define them
(e.g., exclusively mitochondrial vs expression in both cytoplasm and mitochondria) and have been
reviewed by Quiros et al. [178]. There are in addition a few proteolytically inactive pseudoproteases
which play important roles in spite of their lack of catalytic activity, such as the participation of UQCRC1
and UQCRC2 in the respiratory chain and the regulation of the activity of cognate proteases as in the case
of PMPCA (a-MPP). A few clinical phenotypes are associated with mutations in some of these proteases;
interestingly, the majority of these have a neurological presentation (e.g., Gilles de la Tourette syndrome
resulting from a defect in Mitochondrial inner membrane protease 2 [179], Parkinson’s Disease with
Ser protease HTRA2 [180] and PARL (Presenilins-associated rhomboid like) [181].
In addition to these clear clinical syndromes, changes in some mitoproteases have been linked
to ageing [182]. In some cases, this may be guilt by association with processes that are known to be
impaired with increasing age [183,184]. However, there are examples of a clear association between
changes in expression or activity of a specific protease and aspects of ageing. The mitoproteases
LONP has been associated with at least three functions including destruction of oxidized proteins,
mtDNA metabolism and chaperone activities with the Hsp60–mtHsp70 complex. Homozygous deletion
of LONP1 causes early embryonic lethality, suggesting that its functions are essential for life [185].
LONP mRNA and activity decrease during ageing [186] and the decrease in transcripts in muscles of
aged mice could be partially reversed by caloric restriction, a procedure known to impede ageing in
some experimental situations [187]. Conversely, its upregulation protects against oxidative stress [188].
Bezawork-Geleta et al. [189] showed that one mechanism of protection against protein aggregation is
by the direct degradation of misfolded proteins independent of the mitochondrial unfolded protein
response. Exercise, another intervention associated with prolonging longevity was, similar to caloric
restriction, able to reverse the changes in LONP expression in skeletal muscle [190]. These data have
been rationalized by suggesting that changes in the level of LONP are affected by both age and activity,
the difference between heart and skeletal muscle being the requirement for ongoing activity in the
former but not the latter [191].
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The presenilin-associated rhomboid-like protein (PARL) is a key regulator of mitochondrial
integrity and function. The mitochondrial kinase PINK1, a critical component in the control of
mitophagy (discussed later), was the first identified substrate for PARL [192]. By cleaving PINK1
within its transmembrane domain, PARL prevents the accumulation of PINK1 on the mitochondrial
membrane and results in its degradation by the ubiquitin–proteasome system [193]. In depolarized
mitochondria, however, PINK1 insertion into the IM is impaired preventing cleavage by PARL,
as a result of which it accumulates on the outer mitochondrial membrane and activates the ubiquitin
ligase Parkin to induce mitophagy [194]. In addition to its role in regulating mitophagy, PARL regulates
apoptosis via cleavage of the pro-apoptotic mitochondrial protein Smac (DIABLO); this is released into
the cytosol after cleavage, where it inhibits inhibitors of apoptosis (IAPs) and loss of PARL impairs the
induction of apoptosis. In addition to these roles controlling mitochondrial and cell fate, PARL may
be a mediator of mitochondrial-nuclear signaling via its autocatalysis to generate a small peptide
Pbeta [195]. PARL mRNA levels have been reported to decline with age [196]. These authors reported
that PARL mRNA and mitochondrial mass were both reduced in elderly subjects and in subjects with
type 2 diabetes mellitus. Muscle specific knockdown of PARL in mice induced lower mitochondrial
content, decreased PGC1α protein levels and impaired insulin signaling, while suppression of PARL
protein in healthy myotubes lowered mitochondrial mass and increased the production of reactive
oxygen species.
Two proteases of the inner mitochondrial membrane, Oma1 and YME1L, are required for the
processing of OPA1, a component of the inner mitochondrial membrane that is responsible for
maintaining cristae and for inner membrane fusion during mitochondrial dynamics. OPA1 is processed
during maturation by YME1L to a family of membrane-inserted long forms with multiple functions.
Under stress conditions, Oma1 is activated and further processes these long OPA1 isoforms to short
soluble forms, upon which cristae structure is lost and cytochrome C released to the cytoplasm, where it
triggers the apoptotic cascade [197]. The intimate relationship between the activity of these two
proteases and mitochondrial function and health is seen when the balanced mitochondrial fission and
fusion events they maintain was disrupted by cardiac-specific ablation of YME1L [198]. This activated
Oma1, which cleaved long OPA1, triggering mitochondrial fragmentation with an associated dilated
cardiomyopathy and heart failure. Cardiac function and mitochondrial morphology were rescued
by Oma1 deletion, which prevented OPA1 cleavage. Defects in mitochondrial dynamics have been
associated with ageing [199] and it is tempting to assume that changes in the expression or activity
of such key enzymes as YME1L and Oma1 (particularly as the latter is activated under a variety of
stressful conditions) are likely to be involved, although no direct evidence for age-related changes
have been reported as yet.
Genetically modified mice have also provided direct evidence for a role in ageing of other
mitochondrial proteases, including Htra2, the loss of which in non-neuronal tissues causes premature
ageing, owing to an increase in mtDNA deletions [200]. An inactivating mutation of mouse Immp2l
induces an increase in oxidative stress in several organs [201]. The mutants display multiple
aging-associated phenotypes, including wasting, sarcopenia, loss of subcutaneous fat, kyphosis and
ataxia. The loss of IMMP2L also initiates a cellular senescence program [202]. Given their multiple
roles in essentially all aspects of mitochondrial function and regulation, it will not be surprising if
increasing evidence is found for a role in ageing of many mitochondrial proteases.
5.3. Cardiolipin
Cardiolipin is a non-bilayer forming phospholipid dimer with a wide diversity of molecular
forms. It is expressed almost exclusively in mitochondria, where the vast majority is found on
the inner mitochondrial membrane [203]. Its structure confers unique biophysical properties on
the molecule [204] and it is both essential for life (knockout mice lacking the key biosynthetic
enzyme PTPMT1 are embryonic lethal before day 8.5 [205]) and a key component of multiple
mitochondrial activities. It interacts with membrane transport proteins including the phosphate carrier
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(PiC), pyruvate carrier, tricarboxylate carrier, the carnitine/acylcarnitine translocase and the essential
ADP/ATP carrier (ANT) which allows the ATP formed by OXPHOS to be transferred from the IMM to
intermembrane space [206,207]. It also interacts directly with complexes I, III and IV of the electron
transfer chain, where it is required for the maintenance of the quaternary structure and function of
the complexes [208,209]. It is also essential for the formation of higher order supercomplexes [210].
In addition to these roles, it is involved in several steps of mitochondrial dynamics and morphology,
including fusion and fission [211–213] and mitophagy [214].
Its intimate association with the inner membrane sites of ROS generation renders cardiolipin particularly
susceptible to oxidative damage in the form of lipid peroxidation [215]. Oxidation of cardiolipin impairs
its function in bioenergetic processes [216,217]. Under stress conditions, cardiolipin may redistribute
from the inner mitochondrial membrane to the outer membrane, where its exposure can trigger either
mitophagy [218] or apoptosis [219,220]. Cardiolipin is a direct binding partner for the proapoptotic protein
Beclin 1 [221]. It appears to be involved in multiple steps of the apoptotic pathway, as it also interacts
directly with caspase 8 [222] which ultimately leads to oligomerization of Bax and Bak, resulting in OMM
permeabilization and cytochrome C release.
Decreases in cardiolipin content with age have been reported in mitochondria of brain, liver and
heart [223–225] and this is likely a contributor to age related decreases in energetic efficiency. In addition,
as mentioned above, cardiolipin is a prime target for age related increases in oxidative damage,
which could mediate increased age related maladaptive mitophagy and apoptosis. It has been a focus
drug discovery efforts aimed at finding compounds able to protect cardiolipin and inhibit the energetic
and cellular consequences of its depletion and oxidation [226].
6. Genetics of Mitochondrial DNA
Mitochondrial DNA is inherited in a non-Mendelian fashion and in mammals, with few and
very limited exceptions, is inherited strictly through the oocyte (matrilineal inheritance), with active
destruction of the male gamete mitochondrion shortly after fertilization [227]. In DNA inherited in this
fashion (the human Y chromosome is another example), groups of alleles tend to remain associated
for evolutionarily long times and such groups of alleles are termed haplotypes. Phylogenetically
related groups of haplotypes are known as haplogroups, which are often associated with specific
geographical regions, all of which have diverged during evolution from a hypothesized single ancestor,
“mitochondrial Eve” [228]. Such haplogroups are characterized by sets of polymorphisms in mtDNA;
we mentioned the ND3 encoding N haplogroup above. Other specific haplogroups have been associated
with longevity and altered risk of specific disorders [229–236].
The effect of some of haplotypes on disease or longevity may be dependent on the context within
which they are found. Thus, the J haplotype is associated with increased longevity in some specific
populations] [237,238] and not others [239,240]. Intriguingly, it is also associated with an increased risk
of some hereditary diseases such as LHON and optic neuritis in multiple sclerosis [241]. Far from being
associated with an increase in mitochondrial function, the J haplotype shows lower VO (2max) [242],
an indicator of reduced metabolic activity. The J2 (and U) haplotype also confers a reduced ROS
production [243], which could be relevant to its association with longevity, although as noted below,
the relationship between ROS production and longevity is not straightforward.
The observed dominance of uniparental inheritance of mtDNA raises the question why this
mode of inheritance has evolved. The selective pressure may originate from the impaired fitness of
heteroplasmic organisms, which in turn may be related to the need for interactions between different
components of the electron transport chain, which have co-evolved for maximum complementarity
and deviations from which are likely to impair functions. A mathematical model by Christie et al. [244]
indicated that under all conditions of neutral or non-neutral mutation, selection against heteroplasmy
could explain the evolution of uniparental inheritance. An additional consequence of a mammalian
mtDNA bottleneck is that newly arising germ line mutations can increase to high levels within
a generation [245].
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The type of spontaneously arising mtDNA mutations, their rate of accumulation and the selective
pressures operating on them, may differ between tissues that consist mainly of post-mitotic cells,
such as brain and skeletal muscle and those with stem cell populations which continuously replenish
lost cells, such as the GI tract and the immune system. Mitochondrial DNA is replicated independently
of the cell cycle [246] and occurs in post mitotic cells but at a slower rate than that of dividing cells.
In post-mitotic cells, mutations are thought more likely to arise from deletions due to the repair of
oxidatively damaged mtDNA [247]. Reeve et al. [248] examined the frequency of both point mutations
and deletions in brain substantia nigra neurons, which are highly susceptible to oxidative damage due
to their dopamine metabolism and high iron content [249]. These cells displayed a high frequency
of mtDNA deletion mutations but low levels of point mutations. In a direct comparison between
skeletal muscle, heart and kidney, Liu et al. [250] detected a bias toward deletion mutations in skeletal
muscle, with point mutation reaching higher levels in the heart and kidney. The distribution of
mitochondrial mutations throughout the body is dependent on their origin; mutations transmitted
via the oocyte are likely to be widely distributed throughout the tissue of the body, those arising in
embryonic development or in stem cells of the adult may be restricted to specific niches, while those
arising spontaneously in somatic cells comprise a large non-clonal set and any individual mutation
may display a very restricted distribution.
An example of mutations newly arisen in stem cells populating their progeny was observed in the
GI tract [251] where mtDNA mutations arising in stem cells of normal human gastric body units were
seen to characterize all their differentiated descendants. A further example is the mitochondrial gene
for the complex III component cytochrome b [43]. Five patients presented with exercise intolerance
and displayed three different nonsense mutations (G15084A, G15168A and G15723A), one missense
mutation (G14846A) and a 24-bp deletion (from nucleotide 15498 to 15521. There was no maternal
inheritance of any of these alleles and they were confined to muscle tissue, suggesting that they arose
during differentiation of the myogenic stem cell lineage.
The question of the extent and significance of mitochondrial DNA mutations arising spontaneously
in somatic tissues, especially in post mitotic cells, is complex. Ma et al. [252] studied germline and
somatic mutations in wild type and Polγ mutator mice. They found no detectable somatic mutations
in wild type mice but the heteroplasmy of several different germline mutations increased with age,
suggesting clonal expansion with ageing. Somatic mutations were detected in mice both homozygous
and hemizygous for the Polγ mutation but as the authors note, only the homozygous mice display
an accelerated ageing phenotype, making the relevance of the phenomenon unclear. However,
the mouse in this respect is different from human, where age-related accumulations of somatic mutation
has been observed [253,254]. Li et al. [255] examined skin fibroblasts from a 72 year old individual and
found 34 mutations of which 14 occurred at heteroplasmy levels of >15%, while 6 occurred at levels of
>80%, exceeding the 60% heteroplasmy that is considered the threshold for such mutations causing
detectable deleterious effects on mitochondrial function. They modelled accumulation of somatic
mutations based on human data and concluded that almost 90% of non-proliferating cells would
be expected to have at least 100 mutations per cell by the age of 70 and almost no cells would have
fewer than 10 mutations. Ye et al. [256] also documented the extensive occurrence of low frequency
pathogenic mitochondrial mutations in healthy individuals.
In addition to emphasizing that there may be significant species differences in the accumulation
of mtDNA mutations with age, these data suggest that the accumulation of spontaneously arising
mitochondrial mutations in human are associated with ageing. Earlier theories on the selective
pressures operating within mitochondrial DNA populations suggested a replication advantage of
smaller molecules containing deletions but modelling this process and taking into account such factors
as the much more rapid replication time for mtDNA (90 min) compared with the cell cycle time (10–24 h)
indicated that random genetic drift could explain the increased proportion of mutated mtDNA with
age in somatic tissues [257].
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Association of mtDNA Mutations with Disease and Ageing
We discussed the association with ageing of mutations in proteins encoded by the mitochondrial
genome above. Here we turn to mutations in the mitochondrial genes encoding components of the
mitochondrial translation machinery. The translation of mitochondrially encoded polypeptides occurs
on mitochondrial ribosomes, which consist of 12S and 16S rRNAs and about 80 nuclearly encoded
proteins [258]. Because mutations in the translational machinery can affect all proteins products of
mitochondrial ribosomes, such mutations are associated with many pathologies. These usually manifest
as deficits in the oxidative phosphorylation catalyzed by polypeptides translated on mitochondrial
ribosomes [259].
All of the RNA components of the mitochondrial translation machinery are encoded in mtDNA,
the protein components of the ribosome and accessory proteins such as aminoacyl tRNA synthetases
being nuclearly encoded. Mutations in nuclear genes encoding protein components of the ribosome
affect the accuracy of translation and are associated with a diverse range of pathologies including
ovarian insufficiency [260], encephalopathy [261], Leigh syndrome [262] and stress related behavioral
alterations in mice [263]. A similar diversity of presentation is seen in mutations affecting mitochondrial
aminoacyl tRNA synthetases and the reasons for this diversity from an apparently similar mechanism
are discussed by González-Serrano [264].
Mitochondrial tRNAs have several structural features that distinguish them from their cytoplasmic
counterparts and mitochondria also deviate from the “universal” genetic code (reviewed in [265].
Mutations in mtRNA (or in enzymes related to their post transcriptional modification) are causative
of a range of pathologies including myopathy [266,267], hearing loss [268,269] cardiopathy [270,271]
and encephalopathy [272,273] and are associated with more than half of all mtDNA-associated
human disease [274]. Aberrant post translational modification of mitochondrial tRNAs is also
associated with disease. The A8344G mutation in mitochondrial tRNA(Lys) is responsible for myoclonus
epilepsy associated with ragged-red fibers (MERRF). In this mutation, the normally modified wobble
base (a 2-thiouridine derivative) remains unmodified and this results in defective translation [275].
A mutation im.8344 A > G in tRNAlys was shown to cause a defect in translation and stability of nascent
polypeptide chains in MERRF (myoclonus epilepsy, ragged-red fibers) patients [276].
Although many pathologies were associated relatively early with mutations affecting tRNA, it has
been more difficult to link mutations in the ribosomal RNAs with pathology. The disruptive potential
of mutations in 16s rRNA was studied by Elson et al. [277] and in the 12S rRNA by Smith et al. [278]
using a technique called heterologous inferential analysis (HIA), which integrates atomic resolution
structural data with information on the conservation of overall structure of rRNAs. These studies
revealed that mutations able to compromise function were indeed found in clinical conditions, of which
the drug-induced hearing loss caused by A1555G and C1494T mutations at a highly conserved site
of the 12S rRNA gene the best characterized [279,280]. Mutations in the 16S RNA are linked to
myopathy [281] and cardiomyopathy [282].
Synergistic interactions between different mtDNA mutations within the same mitochondrion may
affect ageing and function even when the individual mutations have no measurable effect on fitness.
Reichart et al. [283] studied the effects of mtDNA mutations in a complex IV component and in the
mttRNAArg gene on lifespan, learning and memory. Single point mutations in either gene had little
impact on these parameters but mice with the combination of both mutations had a reduced life span
and showed deficits in learning and memory. A high level of neocortical superoxide was seen in the
double mutants compared with the single mutants. Simple increase in the copy number of mtDNA
(achieved by manipulating TFAM expression) reduces the severity of pathology in a heteroplasmic
mouse bearing a mutation in mt tRNAAla although the levels of heteroplasmy remained the same [284].
Conversely, a reduction in mtDNA levels worsened the phenotype in postmitotic tissues, such as heart,
although enhanced clonal expansion and selective elimination of mutated mtDNA lead to a beneficial
effect in rapidly proliferating tissues, such as colon.
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The preceding survey is not exhaustive but should be sufficient to make the point that mutations in
mitochondrial DNA, (whether in genes encoding subunits of the electron transfer chain or in mt tRNA or
rRNA) are frequently associated with a decreased efficiency in ATP synthesis and increased generation
of ROS, reflecting the specialized contributions of mitochondrially encoded components to the
generation of ATP via electron transport. In addition, specific mutations usually have a noticeably clear
clinical presentation. This latter observation is difficult to reconcile with the mitochondrial free radical
hypothesis (see Section 6), under which accumulating mtDNA mutations leading to enhanced ROS
production might be expected to affect all organs, with perhaps a more obvious manifestation in highly
metabolically active tissues such as muscle, kidney and brain. In fact, specific mutations are associated
with a relatively small number of often tissue specific diseases, including Mitochondrial Encephalopathy,
Lactic acidosis and Stroke-like episodes. (MELAS), Leber’s hereditary optic neuropathy (LHON),
Leigh syndrome, cardiomyopathy, myoclonic epilepsy with ragged red fibers (MERRF), deafness
and myopathy. One observation bearing on this expectation is that at least some newly arising
mutations that reach a significant degree of heteroplasmy are not randomly distributed across tissues.
Using massively parallel sequencing techniques, Samuels et al. [285] assessed heteroplasmy across ten
tissues and demonstrated that in unrelated individuals there are tissue-specific, recurrent mutations
that were undetectable in other tissues of the same individuals. Though independent of each other,
these all occurred in the regulatory region and the authors speculate that these are positively selected
in a tissue specific manner. In addition, the effect of specific mitochondrial mutations can depend not
only on the tissue but the state of differentiation; undifferentiated cybrids of the NT2 neuronal lineage
cell line containing mitochondria bearing either the most common (11778) or the most severe (3460)
LHON associated mutations did not differ from controls in ROS generation but upon differentiation
displayed an increase in ROS production [286].
7. Mitochondrial Mutations and the Oxidative Damage Theory
An early hypothesis to explain cellular and organismal impairment with age linked the occurrence
of mutations in mitochondrial DNA with the production of toxic free radicals. As indicated in
Figure 7, mitochondria are the major source of free radical production in most cells, as a result of
electron leak from complexes I and III of the electron transport chain, these electrons combining with
molecular oxygen to produce the unstable reactive superoxide radical (•O− ). This can directly attack
molecules such a protein, lipids and nucleic acids and can give rise to various additional reactive
species such as hydroxyl (•OH) and peroxynitrite ONOO− , not itself a free radical but a potent
oxidizing species. There are a variety of biochemical defenses against free radical accumulation in
cells, including antioxidant enzymes such as glutathione peroxidase, the linked enzyme systems
of superoxide dismutase and catalase and a variety of free radical scavengers such as β carotene,
vitamin C, vitamin E [287,288]. However, these defenses can be overwhelmed in situations where large
amounts of free radicals are generated. This is seen when the catalase activity is insufficient to convert
the hydrogen peroxide produced by SOD to water and oxygen, the excess hydrogen peroxide being
reduced to reactive and toxic (•OH) by iron (Fe2 + ).
The Mitochondrial Free Radical Theory of Ageing (MFRTA) was proposed by Harman [289,290]
and suggested that increasing accumulation of mutations with age in mtDNA led to defects in
mitochondrially encoded components of the electron transport chain, with an associated increase in
free radical production. These in turn produced further damage to mtDNA, leading to a self-propelled
cycle resulting in eventual catastrophic damage accumulation. If anti-oxidant defenses are impaired
with age, this might exacerbate the effect of increased ROS production. In the study of Reutzel et al. [44]
reductions in brain catalase and SOD2 were seen at 18 months in mouse, suggesting that anti-oxidant
responses may be impaired by this age. Such a reduction in anti-oxidant defenses with age was
also seen in the rat as suggested by lowered expression of the antioxidant enzymes peroxiredoxin III
(Prx III) and superoxide dismutase 2 (SOD2) [291]. In this study, levels of catalase decreased in most
tissues but increased in muscle. These authors reported no correlation between the SOD, CAT and

combining with molecular oxygen to produce the unstable reactive superoxide radical (•O ). This
can directly attack molecules such a protein, lipids and nucleic acids and can give rise to various
additional reactive species such as hydroxyl (•OH) and peroxynitrite ONOO−, not itself a free radical
but a potent oxidizing species. There are a variety of biochemical defenses against free radical
accumulation in cells, including antioxidant enzymes such as glutathione peroxidase, the linked
Int. J. Mol. Sci. 2020, 21, 7580
of 50
enzyme systems of superoxide dismutase and catalase and a variety of free radical scavengers20such
as β carotene, vitamin C, vitamin E [287,288]. However, these defenses can be overwhelmed in
situations
where large
amounts
of free radicals
generated.
This is seen
when the catalase activity
GSH-Px
activities
and the
peroxidative
status ofare
the
organs measured
by malondialdehyde
(MDA)
is insufficient
convert the
hydrogen peroxide
by SOD
to water and
oxygen,
the excess
content,
whichtoprovides
an important
caveat in produced
interpretations
of changing
level
of expression
of
hydrogen
peroxide
being
reduced
to
reactive
and
toxic
(•OH)
by
iron
(Fe
2+).
antioxidant enzymes.

Figure 7. Complex I and III are the major sites of the electron transfer chain at which reactive oxygen
species are released. The superoxide radical (.O2 − ) is the initial species generated by reduction
Figure 7. Complex I and III are the major sites of the electron transfer chain at which reactive oxygen
of molecular oxygen. It is reduced to hydrogen peroxide
by superoxide dismutases 1 or 2 and is
species are released. The superoxide radical (.O2−) is the initial species generated by reduction of
further reduced to water by catalase or glutathione peroxidase, these steps constituting the initial
molecular oxygen. It is reduced to hydrogen peroxide by superoxide dismutases 1 or 2 and is further
anti-oxidant defense mechanisms. Black arrows indicate chemical transformations, blue arrows indicate
reduced to water by catalase or glutathione peroxidase, these steps constituting the initial anti-oxidant
electron flow.
defense mechanisms. Black arrows indicate chemical transformations, blue arrows indicate electron
flow.
Harman’s
hypothesis elegantly linked two concepts (1) the known damaging effect of high

levels of free radicals on organismal function and (2) the association of increasing accumulation
The Mitochondrial Free Radical Theory of Ageing (MFRTA) was proposed by Harman [289,290]
of ROS-associated mtDNA mutations with age. However, many more recent observations have
and suggested that increasing accumulation of mutations with age in mtDNA led to defects in
suggested difficulties in the original formulation of this theory. First, several observations suggested
mitochondrially encoded components of the electron transport chain, with an associated increase in
that long-lived species do not always demonstrate lower levels of ROS and the accompanying oxidative
damage. Lewis et al. [292] compared the long-lived naked mole rat with mouse, a relatively short-lived
rodent and found levels of ROS production and antioxidant defenses similar between the two species.
The naked mole rats show high, steady state levels of oxidative damage even under unstressed
conditions and still have an exceptionally long lifespan.
Second, loss of antioxidant defenses would be predicted to shorten lifespan but this was not found
invariably to be the case. Loss of catalase, thought to be an important component of the endogenous
anti-oxidant system, at least in Caenorhabditis, has no effect on lifespan [293,294]. and overexpression
of catalase, either alone or in combination with superoxide dismutase did not increase lifespan [295].
It should be noted, however, that loss of either glutathione transferase or thioredoxin did reduce life
expectancy in worms. Third, an increase in ROS signaling may lead to a paradoxical increase in life
expectancy [296]. Yang and Hekimi [297,298] showed that an increase in measurable oxidative damage
was without effect on the lifespan of a long lived strain of worms and Schulz et al. [299] showed that
impaired glucose availability forced an increase in respiration and ROS generation in Caenorhabditis
but this was accompanied by an increase, rather than a decrease, in lifespan.
The original form of the hypothesis in which oxidative damage caused by mitochondrial
dysfunction initiates a vicious cycle of increased ROS production and increasing macromolecular
damage culminating in manifestations of ageing and death is therefore untenable. Barja [300] argued
that elements of the theory had been oversimplified and misunderstood and mounted a robust defense of
the hypothesis, with a focus on low generation of endogenous damage and low sensitivity of membranes
to oxidation in long-lived animals. More recently, he has incorporated these ideas into a unified
theory of ageing [301]. We suggest that ROS are certainly linked to ageing, by mechanisms which may
include directly damaging macromolecules (see our discussion of cardiolipin and supercomplexes)

Int. J. Mol. Sci. 2020, 21, 7580

21 of 50

but that more subtle effects via epigenetic mechanisms may be of equal importance as discussed below.
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Figure 8 indicates the key elements of a revised MFRTA.

Figure 8. Summary of mechanism proposed by the mitochondrial free radical theory of ageing.
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which the ageing phenotype was most obvious, no mtDNA depletion was found. These observations
suggest a complexity in the ageing phenotype caused by these mitochondrial mutations, which is
likely multifactorial. The reversal of some of their effects by antioxidant treatment suggests that ROS
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suggest a complexity in the ageing phenotype caused by these mitochondrial mutations, which is
likely multifactorial. The reversal of some of their effects by antioxidant treatment suggests that ROS
may indeed play a significant role but that this is related to aberrations in its normally physiological
function rather than simply as a result of oxidative damage.
An indication of the need for subtlety in thinking about the relation of ROS to ageing and lifespan
comes from the finding by Bazopoulou et al. [307] that a transient (10 h) increase in ROS in early
development of Caenorhabditis triggers epigenetic mechanisms that result in increased stress resistance
and redox homeostasis that in turn result in life span extension, the mediating mechanism being
global decreases in histone H3K4me3 levels. A biphasic response such as this, where low levels of
a potentially damaging molecule which is toxic at higher doses triggers the upregulation of cellular
defense mechanisms that are ultimately beneficial to life expectancy was termed mitohormesis by
Tapia [308].
8. Cellular Programs and Aging–Mitochondria in Stem Cells and Senescence
Stem cell populations in adult tissues constitute a pool of committed progenitors for tissue renewal.
These populations are typically long lived and quiescent and undergo self-renewal by proliferation
and differentiation to specialized tissue cell types. An appropriate balance between these two fates is
required for tissue homeostasis. Stem cell function is impaired with age and is responsible for many of
the obvious hallmarks of normal ageing such as sarcopenia, decreased immune function and slower
wound healing [309].
Mitochondria have been shown to play a role in determining the fate of stem cells by mechanisms
including energetics [310], changes in mitochondrial dynamics [311] or the mitochondrial unfolded
protein response [312]. The role of Kreb’s cycle intermediates as metabolic regulators has already
been discussed and such regulation also impinges on stem cell fate decisions [313]. The requirement
for a shift from the typical stem cell glycolytic phenotype to an increased reliance on OXPHOS
with differentiation was mentioned above. A declining ability of mitochondria to carry out efficient
OXPHOS or quality control through dynamics and the mtUPR may therefore have an impact on one
key aspect of ageing, the inability effectively to replenish stem cell pools and produce specialized
post mitotic cell types in various organ systems. Katajisto et al. [52] followed the fates of old and
young mitochondria during the division of human mammary stem like cells and found that such cells
apportion aged mitochondria asymmetrically between daughter cells. Daughter cells that received
fewer old mitochondria maintained stem cell traits and inhibition of mitochondrial fission disrupted
the age-dependent subcellular segregation of mitochondria and caused loss of stem cell properties in
the progeny cells.
ROS have been recognized as an important physiological signaling trigger. Physiological ROS
signaling is mediated by reversible changes in the oxidation status of sulphur-containing amino
acids cysteine and methionine which function as redox sensitive molecular switches. The delicate
balance between ROS signaling and stem cell function has been reviewed by Tan and Suda [314]
and Zhang et al. [315] and as discussed in the preceding section, it appears that relatively subtle
changes in the level of ROS production due to accumulating mitochondrial mutations may have
a much more dramatic impact through this mechanism than through accumulation of gross damage
to macromolecules.
In addition to loss of stem cell self-renewal and potency, another aspect of ageing is the accumulation
in many tissues of populations of post-mitotic and non-functional senescent cells. These cells may
play a beneficial role in some aspects of development and tissue remodeling after injury and their
phenotype has been seen as an escape route from oncogenic transformation [316]. Their accumulation
is generally a response to some level of stress, either chronically as a response to telomere shortening
or more acutely as a result of a variety of stressors including radiation damage, oncogene expression,
disturbed proteostasis or oxidative stress. These stressors induce DNA damage response which
activates a set of effector programs leading to senescence induction and maintenance, the two best

Defective mitochondria are also linked to the induction of senescence via their role in triggering
the SASP. Mitochondrial DNA is normally absent from the cytoplasm of healthy cells, as defective
mitochondria are dealt with by mitophagy, in which the entire organelle is enclosed by a phagocytic
membrane and the contents are degraded. This prevents exposure of the cytoplasm to mtDNA.
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However,
under
of cellular stress or when mitophagic mechanisms are insufficient,
damaged mitochondria can release DNA, which is sensed as a damage associated molecular signal
by the intracellular enzyme cGAS [327]. This in turn signals via the gene regulator STING to activate
studied centering on p53 [317] and p16INK4A ] [318]. In spite of their possibly beneficial roles in
IRF3 and NFκB regulated proinflammatory genes. This mix is able to induce senescence in bystander
some specific circumstances, the accumulation of senescent cells with age has a deleterious effect
cells. Induction of mitochondrial DNA release in response to interleukin1, a cytokine commonly
on organ function in a range of tissues. This is partly due to their loss of differentiated function,
induced early in inflammatory conditions, was recently described [327], implying the existence of
as they contribute to tissue mass without performing tissue specific roles. In addition, they release
positive feedback loops between inflammation and the induction of the SASP. Increased levels of
a complex pro-inflammatory mixture of cytokines, growth factors and enzymes (the senescence
mitochondrial DNA have been found in body fluids of a number of autoimmune pathologies,
associated secretory phenotype, SASP) that can drive bystander cells into senescence and contribute to
including rheumatoid arthritis [328] and Lupus [235].
the damaging inflammation that accompanies ageing [319–324]—see Figure 9.
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telomere shortening [302], providing a link between the increased ROS production of dysfunctional
mitochondria with a key driver of the ageing process.
Defective mitochondria are also linked to the induction of senescence via their role in triggering
the SASP. Mitochondrial DNA is normally absent from the cytoplasm of healthy cells, as defective
mitochondria are dealt with by mitophagy, in which the entire organelle is enclosed by a phagocytic
membrane and the contents are degraded. This prevents exposure of the cytoplasm to mtDNA.
However, under conditions of cellular stress or when mitophagic mechanisms are insufficient,
damaged mitochondria can release DNA, which is sensed as a damage associated molecular signal by
the intracellular enzyme cGAS [327]. This in turn signals via the gene regulator STING to activate IRF3
and NFκB regulated proinflammatory genes. This mix is able to induce senescence in bystander cells.
Induction of mitochondrial DNA release in response to interleukin1, a cytokine commonly induced
early in inflammatory conditions, was recently described [327], implying the existence of positive
feedback loops between inflammation and the induction of the SASP. Increased levels of mitochondrial
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DNA have been found in body fluids of a number of autoimmune pathologies, including rheumatoid
arthritis [328] and Lupus [235].
A general increase in circulating mtDNA after the fifth decade was reported by Pinti et al. [329].
Although Jylhävä et al. [330] did not find an association between circulating mtDNA and age, they did
findJ. Mol.
thatSci.
levels
DNA were correlated with increasing frailty.
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Mitophagy is an evolutionary conserved pathway and primarily serves a housekeeping role
Mitophagy is an evolutionary conserved pathway and primarily serves a housekeeping role by
by recycling mitochondria and adjusting the pool to respond to cellular needs. It can also act as
recycling mitochondria and adjusting the pool to respond to cellular needs. It can also act as stress
stress response pathway that selectively marks and eliminates damaged mitochondria in order to
response pathway that selectively marks and eliminates damaged mitochondria in order to maintain
maintain a healthy mitochondrial population [331]. Furthermore, mitophagy is also responsible
a healthy mitochondrial population [331]. Furthermore, mitophagy is also responsible for elimination
for elimination of mitochondria during red blood cell differentiation, degradation of sperm-derived
of mitochondria during red blood cell differentiation, degradation of sperm-derived paternal
mitochondria following fertilization, maturation of T-lymphocytes and differentiation of retina
ganglion cells [332–336]. The involvement of mitophagy in all these processes underlines its
importance in cellular homeostasis and highlights its role in preserving cellular function and
organismal health span.
Over the past decade, different pathways regulating mitophagy have been identified. The best
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paternal mitochondria following fertilization, maturation of T-lymphocytes and differentiation of
retina ganglion cells [332–336]. The involvement of mitophagy in all these processes underlines its
importance in cellular homeostasis and highlights its role in preserving cellular function and organismal
health span.
Over the past decade, different pathways regulating mitophagy have been identified. The best
characterized is mediated by the kinase PINK1 (PTEN-induced kinase 1) and the E3 ubiquitin ligase
Parkin, mutations in both of which have been associated with autosomal recessive forms of Parkinson’s
disease [337,338]. Under steady state conditions and in healthy mitochondria PINK1 is rapidly turned
over via a sophisticated import mechanism, which is dependent on the presence of an amphipathic
mitochondrial targeting sequence and membrane potential. Both of these elements are required for
PINK1 to cross the outer and inner mitochondrial membranes, through the TOM and TIM complex
respectively and subsequent cleavage by the proteases MMP and PARL [339]. Proteolytic processing
of PINK1 by PARL, exposes a phenylalanine at amino acid 104 that leads to the retrotranslocation of
the protein to the cytosol and allows it to be recognized by N-end rule E3 enzymes which leads to its
constitutive degradation by the proteasomal pathway [340].
Conditions that disrupt mitochondrial function and lead to damage, such as loss of membrane
potential or accumulation of protein aggregates in mitochondria, warrant and elicit a mitophagic
response through the stabilization of PINK1 on the mitochondrial outer membrane [341]. Under stress
conditions, physiological import and degradation of PINK1 in mitochondria is blocked which leads
to its accumulation on the outer mitochondrial membrane where it phosphorylates ubiquitinated
substrates and the E3 ubiquitin ligase Parkin [342–346]. Both of these phosphorylation events trigger
activation and recruitment of Parkin to the mitochondria where it drives the ubiquitination of outer
mitochondrial resident proteins leading to a positive feed forward mechanism by generating additional
substrates for PINK1 [347]. The local increase in ubiquitin on mitochondria leads to the recruitment of
the autophagic machinery to engulf selectively only the damaged mitochondria [348,349]. As such,
this mechanism ensures a tight regulation of mitophagy and safeguards the healthy mitochondrial
pool from being eliminated.
Several publications provide evidence indicating that aging tissues display an accelerated decline
in mitophagy efficiency and an aberrant accumulation of damaged mitochondria that affect health
and lifespan in different organisms. Two recently developed tools to monitor mitophagy in vivo
have been instrumental in uncovering the mitophagic state during aging. Using the fluorescent
mitochondrial-matrix targeted mitophagy reporter mt-Keima in mice, the group of Toren Finkel [350]
observed marked variations in the basal levels of mitophagy within and between tissue types. Low rates
of basal mitophagy were observed in the thymus but in contrast, cells with high-energy demands such as
hepatic and kidney cells displayed high rates. Similarly, tissues with postmitotic cells, like the heart
and brain, displayed enhanced levels of mitophagy, highlighting the need for fine-tuned mitochondrial
function to sustain their homeostasis. Another interesting observation the group made was that within
the brain there was significant heterogeneity in the basal levels of mitophagy. Areas enriched with
neural stem cells such as the dentate gyrus and the lateral ventricle displayed marked enhancement
in the levels of mitophagy. More importantly, a 70% reduction in mitochondrial clearance was
observed in the dentate gyrus of 21-month old mice compared to 3-month old mice, providing evidence
that mitophagy rates decrease during aging and may underlie the decline in memory and learning
during aging as well. Finally, a similar decline was observed in the Huntington’s genetic model of
neurodegeneration, further highlighting the importance of mitochondrial clearance in pathological
conditions that are commonly manifested in aged populations.
Similar observations were reported using another mouse model to monitor mitophagy in vivo by
the group of Ian Ganley [351]. In this study, the fluorescent reporter is called mitoQC and while both
reporters rely on pH changes to monitor mitophagy, mitoQC differs from mtKeima in that it bypasses
the overlap seen between the emission and excitation spectra. The mitoQC reporter localizes in the
outer mitochondrial membrane and as such it can misreport outer membrane turnover for mitophagy
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changes. Nonetheless, this study corroborated very similarly the results of the mtKeima mouse and
provided further evidence for the spatially restricted nature of mitophagy as a process within distinct
cellular subtypes. Pronounced mitochondrial turnover was observed in kidneys and more particularly
enhanced mitophagy was shown in the tubules of the renal cortex. Given that the renal system
regulates vital functions such as water homeostasis, acid-base and electrolytic balance and arterial
pressure, this study indicates the nephron as a promising target for therapeutic intervention in the
context of mitochondrial turnover. Furthermore, this study reported increased rates of mitochondrial
clearance in other tissues of high metabolic demand such as the brain and skeletal muscle. The most
pronounced effects were seen in the Purkinje cells of the cerebellum and muscle fibers of the tongue.
In a follow up study [352], the same group reported that basal mitophagy occurs independently
of PINK1 suggesting that other pathways may play a more prominent role under steady state turnover,
while the PINK1/Parkin pathway may be activated in situations of cellular stress. In that respect,
crossing Parkin KO mice with the mtDNA-mutator mouse model that carries a knock-in mutation
that compromises the proofreading ability of Polγ and mimics the signs of aging, partially rescued
mitochondrial dysfunction and preserved dopaminergic substantia nigra neurons suggesting that this
pathway, while it may not significantly impact basal levels of mitophagy, is nevertheless critical for
age-related pathological situations [353]. Another controversial issue with the PINK1/Parkin mitophagy
pathway is that germline deletion has relatively subtle effects in mice. However, overexpression of
Parkin or PINK1 in Drosophila melanogaster leads to lifespan extension [354,355]. Furthermore, a recent
study in rhesus monkeys that deleted PINK1 by CRISPR/Cas9 showed by MRI and EM significantly
decreased gray matter and degenerated neurons in the cortex, substantia nigra and striatum in adult
monkeys [356,357]. This suggests that there are species specific differences and studies in mice may
not necessarily capture fully the significance of the PINK1/Parkin mitophagic pathway during aging.
Substantial data supporting a role of declining mitophagy in tissues that contribute to aging
phenotypes has been generated over the past decade. In addition to the contribution of dysfunctional
mitochondria to neurodegeneration, mitochondria with decreased membrane potential was also
observed in aged skeletal muscle satellite cells isolated from humans or mice, as well as increased
mitochondrial accumulation inside autophagosomes indicative of inefficient mitophagy [358,359].
Furthermore, decreased expression of autophagy and mitophagy genes including Parkin, was reported
in the skeletal muscle of elderly women, which may underlie the low muscle mass and poor physical
function [360]. Studies in C. elegans and D. melanogaster have also strengthened the connection
of mitophagy to health and lifespan. For example, studies in Drosophila have shown that besides
overexpression of mitophagy genes contributing to lifespan, overexpression of the mitochondrial
fission protein Drp1, which is required for efficient mitophagy, also leads to prolonged health span [361].
Similarly, studies in the nematode have shown that genetic perturbations in the mitophagy pathway
compromise longevity under conditions of stress, while iron depletion increases mitophagy and is
required for longevity [362,363].
Multiple age-related pathologies including neurodegeneration, inflammatory diseases and
myopathies are characterized by the accumulation of dysfunctional mitochondria and as such,
there is extensive effort in the scientific community to identify therapeutic interventions that boost the
selective removal of defective mitochondria. Naturally occurring compounds including spermidine
and urolithin A have been shown to preserve mitochondrial function and cellular homeostasis via
mitophagy enhancement. Spermidine supplementation in multiple model organisms including
yeast, flies and nematodes promoted lifespan extension and more importantly ameliorated the
hypertrophy, impaired diastolic function and arterial stiffness seen in mouse models of cardiovascular
pathologies [364,365]. The general importance of clearing aged and defective molecules and organelles
is also indicated by the observation that caloric restriction and resveratrol promote longevity through
the Sirtuin-1-dependent induction of autophagy [366]. Similarly, urolithin A, which is a metabolite
from pomegranate seeds, was very elegantly shown by the lab of Johan Auwerx to boost mitophagy,
extend the lifespan of worms and improve muscle function and exercise capacity in old mice [367].
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Very recently, urolithin A was used in a first-in-human clinical trial and administered to healthy,
sedentary elderly individuals. Encouragingly, not only did the compound had a favorable safety profile
but also induced a molecular signature of improved mitochondrial and cellular health, shown by
upregulation of mitochondrial genes in skeletal muscle [368]. Given that 25% of the global population
is projected to be older than 65 years by the year 2100 [369], finding therapeutic interventions that will
boost health span is of paramount importance. In this respect, approaches that stimulate mitophagy
present themselves as attractive therapeutic opportunities that could have widespread beneficial effects
in preventing age-related decline.
9.2. Fission/Fusion
As discussed previously, mitochondria are not formed and do not exist as isolated entities
but constitute an interconnected tubular network to which new molecular components are added
and from which aged and damaged molecules removed by processes of biogenesis and mitophagy
respectively. This network is subject to constant remodeling by processes involving fission and fusion
and this remodeling serves to distribute newly synthesized components throughout the network
and to segregate damaged components. Many studies have indicated that these highly regulated
processes of fission and fusion, (generally termed mitochondrial dynamics) are essential for the health
of the cell and their disruption experimentally has profound consequences, while altered morphology
of the network towards either a highly fragmented or a hyperfused morphology is associated with
disease and ageing. In addition, there are mitochondrial morphologies that do not fit this simple
hyperfused/hyper fragmented axis, which nevertheless arise from disturbances to the fission/fusion
process and which are associated with cellular dysfunction, such as the granular phenotype described
by Hengst et al. [370]. We will briefly review the major molecular components of the mitochondrial
dynamics system to provide context for the discussion that follows.
The dynamin related protein Drp1 plays an essential role in executing mitochondrial fission.
Drp1 exists as a cytosolic protein which can form homo-oligomers and assemble on the outer
mitochondrial membrane on phosphorylation of Ser616. Several molecules on the outer membrane
can serve as receptors for Drp1, the major identified being mitochondrial fission factor (MFF),
fission protein-1 (FIS1), mitochondrial dynamics protein-49 (MiD49) and mitochondrial dynamics
protein-51 (MiD51) [371,372]. Drp1 forms an oligomeric ring around the mitochondrion at the point
of fission and this undergoes a GTP hydrolysis driven conformational change, which constricts the
mitochondrion and results in fission. This outer membrane mechanism is well characterized but
additional proteins in the inter membrane space contribute to the process by assisting with inner
membrane constriction [373].
Mitochondrial fusion is mediated by other dynamin related proteins, the best characterized of
which are Optic Atrophy 1 (OPA1) on the inner membrane and Mitofusins 1 and 2 (Mfn1, 2) on the
outer membrane [374]. OPA1 exists as multiple isoforms and long OPA1 is essential for maintaining the
integrity of cristae. Under conditions of stress, the inner membrane protease Oma1 becomes activated
and cleaves OPA1 to lower molecular weight isoforms which no longer function to maintain inner
membrane structure and this or loss of either OPA1 or the mitofusins, results in hyper fragmentation
of the network.
Age related changes in both the components of the dynamics machinery and in the balance
between fission and fusion have been described in numerous organisms, including Saccharomyces,
Drosophila, Caenorhabditis and mammals but a lack of consistency between tissues, species and functional
consequences makes it difficult to draw generally valid conclusions. The mitochondria of middle aged
Drosophila flight muscles are more elongated than those of younger flies and a transient induction of Drp1
for 7 days restored the morphology to that typical of younger ages, improved mitochondrial respiratory
function, reduced mitochondrial (ROS) production and extended lifespan [361]. These effects were
linked to improved proteostasis, emphasizing that changes in mitochondrial dynamics do not exert
effects in isolation from other aspects of the quality control system. The bulk of the evidence in
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lower organisms tends to suggest that it is the balance between fission and fusion that is most critical
to health and longevity and driving either alone is not conducive to longevity. Thus in C. elegans,
pathologies associated with inhibition of one process can be reversed by simultaneous inhibition of
the other [375]. However, in Saccharomyces cerevisiae, although double mutants lacking the genes
dnm1 and deficient for both fission and fusion appear to have normal wild type mitochondrial
morphology, they have a shorter lifespan, suggesting that the adynamic condition itself is maladaptive.
This phenotype was particularly marked under conditions of nutrient stress, suggesting impaired
ability to adjust mitochondrial metabolism to prevailing conditions [376].
Drp1 expression in mouse synaptosomal mitochondria was found to rise between 5 and 12 months
of age, thereafter, declining to 24 months, while OPA1 and Mfn 1/2 showed the opposite pattern
increasing after 12 months [25]. This suggests a shift to a pro-fusion state with age in these long-lived
cells. Similarly, in mouse muscle, Leduc-Gaudet et al. [377] also found an age related increase in
mitochondrial length and branching; although no major changes were noted in the expression of several
proteins involved in mediating mitochondrial dynamics, they did note a change in the ratio between
Mfn2 and Drp1 consistent with the more fused morphology. On the other hand, excessive fission is
also associated with the pathology of several age related disorders.
As discussed by Loson et al. [371] the interaction between Drp1 and its receptors is critical for
mitochondrial fission. Excessive fission resulting from the interaction of Drp1with Fis1 has been implicated
in the pathology of several disorders, including Alzheimer’s Disease [378], septic cardiomyopathy] [379],
amyotrophic later sclerosis [380] and Huntington’s Disease [381]. Lack of Fis1 in either nematodes or
mammalian cells is associated with only mild fission defects but aberrant morphology [375]. In a
model of diabetic nephropathy, overexpression of MAP kinase Phosphatase 1 was associated with
enhanced glucose control, sustained renal function, attenuated kidney oxidative stress and inhibition
of the renal inflammation response [382]. This overexpression also reversed the consequences of the
mitochondrial hyperfragmentation seen during hyperglycemia, (decreased mitochondrial potential,
elevated mitochondrial ROS production, increased pro-apoptotic factor leakage, augmented mPTP
opening and activated caspase-9 apoptotic pathway). These effects were mediated by inhibition of
a JNK-CaMKII-Fis1 pathway [382]. Zhang et al. [383] generated conditional knock-out Fis1 mice to
allow for specific Fis1 deletion in adult skeletal muscle. Loss of Fis1 was associated with mitochondrial
hyperfusion, respiratory chain deficiency and increased mitophagy, which was exacerbated under
exhaustive endurance exercise. Sirtuin 3 inhibition induces mitochondrial stress in tongue cancer by
targeting mitochondrial fission and the JNK-Fis1 biological axis [384] This suggests the importance of
Fis1 mediated fission for maintenance of mitophagy both at rest and under stress. A role for Fis1 in
non-Parkin mediated mitophagy initiated by the SNARE protein Syntaxin 17 (STX17) was indicated by
the abnormal accumulation of STX17 on the mitochondrial outer membrane, followed by its recruitment
of core autophagy proteins to form a mitophagosome [385].
This is an appropriate point to note that mitochondrial fission and fusion is a highly regulated
process at the post-transcriptional level and this provides another way in which age-related changes
in dynamics may occur in the absence of obvious changes in the transcriptional profiles of the major
components of the dynamics machinery. As an example, the RNA binding protein Pumilio2 (PUM2)
was shown by the group of Johan Auwerx [386] to be upregulated on ageing in C. elegans, where it
inhibits translation of mRNA encoding Mff, impairing fission and mitophagy.
One possible consequence of these age-related changes is a reduction in mitophagy (poorly executed
in larger mitochondria) and increase in the burden of oxidized and malfunctional proteins. Consistent with
this, Navratil et al. [387] found that giant mitochondria accumulating in cultured rat myoblasts had
low inner membrane potentials and did not fuse with each other or with normal mitochondria.
Tezze et al. [388] reported an age-related decline in Opa1 levels in sedentary but not active human
muscle, which they associated with age related sarcopenia. Opa1 deletion from mouse muscle led to
a precocious senescent phenotype and premature death, via induced ER stress leading to muscle loss
and systemic ageing. However, a similar elongation of mitochondria in senescent human endothelial
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cells, associated with a decreased expression of the fission-mediating Drp1 and Fis1, was interpreted
as an adaptive response to excessive ROS production, which triggered mitochondrial fragmentation
and loss of membrane potential in young cells but from which senescent cells were protected [389].
Of the two mitofusins, Mfn2 is the most prominently expressed isoform in skeletal muscle.
Sebastian et al. [390] showed that Mfn2 is expressed in mouse muscle at progressively lower
levels with age and this appears to trigger an inhibition of mitophagy and accumulation of damaged
mitochondria; genetic ablation of the gene in muscle generated a gene signature associated with age.
Building on earlier work in which cardiac ablation of either Drp1 or Mfn1/Mfn2 produced extensive
mortality by six weeks of age, Song et al. [391] showed that simultaneous knockout of all three proteins
mitigated this pathology to a less aggressive cardiac hypertrophy. In this study, they also noted
that cardiac Drp1 overexpression caused mitochondrial fragmentation but this was associated with
neither mitochondrial dysfunction nor overt cardiac pathology to 93 weeks of age. These observations
support the conclusion that an inability to perform dynamic fission/fusion is itself maladaptive
and also provide an important caveat to assumptions that fragmented mitochondrial networks are
necessarily dysfunctional.
Changes in mitochondrial functions such as ATP synthesis, ROS generation and membrane
potential have been associated with morphologies deviating from the norm but the relationship
between form and function and by implication, between the balance of fission and fusion, is context
specific and resists expression as a simple linear correlation. Mitochondrial dynamic processes play
a role not only in mitochondrial quality control but are increasingly appreciated as regulating the
adaptive responses of mitochondria to nutrient status [392] which makes a connection between lifespan
extending interventions such as caloric restriction and mitochondrial dynamics. In addition, the cycle of
mitochondrial fission and fusion distributes mitochondrial DNA throughout the network and changes
in the balance between the two processes can affect the segregation of mutant and wild type mt DNA.
Malena et al. [393] studied the effect of silencing Drp1 or hFis1, both required for mitochondrial fission,
in a cybrid heteroplasmic for the pathological A3243G mutation. Down regulation of either of these
gene products was associated with increased levels of mutant mitochondrial DNA, suggesting a link
between the accumulation of dysfunctional mtDNA mutations with impaired dynamics during ageing.
An obvious effect of the dynamic remodeling of the network is the redistribution of mitochondrial
components, including lipids [394], proteins [395] and mitochondrial DNA [396]. However, the fission
process does not necessarily generate two equivalent and homogenous daughter mitochondria.
Twig et al. [348] showed that one daughter maintained high membrane potential and had an increased
propensity for subsequent fusion events, while the other exhibited lower membrane potential with
lower levels of OPA1 and a reduced potential for further fusion. Inhibition of fission by a dominant
negative Drp1 decreased autophagy and led to an accumulation of oxidized proteins in mitochondria
with a reduced respiratory capacity. These data suggest that uneven fission may be part of a mechanism
for segregating damaged proteins differentially between daughter mitochondria whose subsequent
fates (further fusion or mitophagy) result in selective removal of damaged mitochondrial components.
A similar conclusion was drawn by Abeliovich et al. [349] on the basis of combined genetic and
proteomic data in yeast. Proteins with different rates of mitophagic degradation were shown to be
unevenly distributed throughout the mitochondrial network and this segregation was attenuated by
inhibiting mitochondrial fission in a DNM1 (Drp1) deletion mutant.
Mouli et al. [397] presented a detailed model in which coordinated fission and fusion events
accelerate the removal of damaged mitochondrial components by autophagy. Furthermore, the model
predicts the existence of an optimal frequency of fusion and fission events that can maintain
respiratory function at steady-state levels in the face of ongoing oxidative macromolecular damage.
The implication is that any disturbance of this balance in either direction may result in the accumulation
of damaged and dysfunctional mitochondria. These data emphasize that mitochondrial dynamic
remodeling functions in combination with mitophagy to maintain optimal mitochondrial function.
Terman et al. [398] argued that the accumulation of enlarged defective mitochondria as a result of
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inefficient dynamic mechanisms has particularly pronounced deleterious effects in long lived cells
compared with renewing mitotic populations.
As originally noted, there is incomplete concordance between studies on the relationship between
ageing and the mitochondrial dynamics system between different organisms and some effects described
may be selective for the tissue under study. The most reliable general conclusion is that the ability to
remodel the mitochondrial network rapidly in response to nutrient or stress conditions is essential for
optimal mitochondrial function. These processes serve to redistribute newly synthesized molecules
throughout the network, segregate dysfunctional mitochondria for recycling and contain the spread of
deleterious mtDNA mutations. They are perturbed during ageing and it is the ability to engage in
them, rather than the maintenance of a static mitochondrial network of any specific type that is most
critical to cellular health.
10. Conclusions
A remarkable level of integration has resulted from 1.45 billion years of co-evolution since
the original association between the proto-mitochondrial prokaryote and its proto-eukaryote host.
It is probably the case that no aspect of cellular function is without an intimate connection with
the mitochondrion and this is particularly evident when considering cellular responses to nutrient
conditions, stress, disease and ageing. It is clear from the above discussion that declining mitochondrial
function at all levels, from the genetic to the biochemical, accompanies the phenomenon of cellular
ageing, which in turn underlies the progressive loss of organismal fitness with age. A key question
is whether specific components of mitochondrial dysfunction exist in a causal relationship to age
related loss of cellular fitness and if so, the directionality of this relationship. The free radical theory
of mitochondrial ageing was the most comprehensive attempt to attribute such a causal role to the
mitochondrion but its original formulation has lost support as the complex effects of ROS on ageing
have become better appreciated. Similarly, the finding that a deleterious mitochondrial mutation must
achieve approximately 60% heteroplasmy has made simple genetic models of mutation untenable.
Several additional processes have been identified which may link mitochondrial biology with ageing.
These include epigenetic rather than directly damaging effects of ROS, possibly linking ROS to telomere
shortening, which is one of the best substantiated biochemical processes controlling cellular lifespan.
Effects of mitochondrial function on cellular properties such as senescence and stemness are also likely
to provide meaningful links, while a decline in the efficacy of the dynamic mechanisms regulating
mitochondrial quality have also been implicated. The complexity of these processes and their inter
relationships are still not fully understood and at this point it seems unlikely that a single linear
cause and effect relationship between any specific aspect of mitochondrial biology and ageing can be
established in either direction. It is probably more useful to think in terms of an interlocking web of
mutually reinforcing relationships and in this sense indeed, mitochondrial function and ageing are
intimate relations.
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Rieger, B.; Krajčová, A.; Duwe, P.; Busch, K.B. ALCAT1 Overexpression Affects Supercomplex Formation
and Increases ROS in Respiring Mitochondria. Oxid. Med. Cell Longev. 2019, 2019, 9186469. [CrossRef]
Rooyackers, O.E.; Adey, D.B.; Ades, P.A.; Nair, K.S. Effect of age on in vivo rates of mitochondrial protein
synthesis in human skeletal muscle. Proc. Natl. Acad. Sci. USA 1996, 93, 15364–15369. [CrossRef]
Miller, B.F.; Robinson, M.M.; Bruss, M.D.; Hellerstein, M.; Hamilton, K.L. A comprehensive assessment of
mitochondrial protein synthesis and cellular proliferation with age and caloric restriction. Aging Cell 2012,
11, 150–161. [CrossRef]
Couvillion, M.T.; Soto, C.; Shipkovenska, G.; Churchman, L.S. Synchronized mitochondrial and cytosolic
translation programs. Nature 2016, 533, 499–503. [CrossRef]
Shekar, K.C.; Li, L.; Dabkowski, E.R.; Xu, W.; Ribeiro, R.F., Jr.; Hecker, P.A.; Recchia, F.A.; Sadygov, R.G.;
Willard, B.; Kasumov, T.; et al. Cardiac mitochondrial proteome dynamics with heavy water reveals stable
rate of mitochondrial protein synthesis in heart failure despite decline in mitochondrial oxidative capacity.
J. Mol. Cell Cardiol. 2014, 75, 88–97. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

70.
71.

72.

73.

74.

75.

76.
77.

78.
79.

80.

81.

82.

83.
84.

85.
86.
87.
88.

34 of 50

Wilkening, A.; Rub, C.; Sylvester, M.; Voos, W. Analysis of heat-induced protein aggregation in human mitochondria.
J. Biol. Chem. 2018, 293, 11537–11552. [CrossRef]
Suhm, T.; Kaimal, J.M.; Dawitz, H.; Peselj, C.; Masser, A.E.; Hanzen, S.; Ambrozic, M.; Smialowska, A.;
Bjorck, M.L.; Brzezinski, P.; et al. Mitochondrial Translation Efficiency Controls Cytoplasmic Protein
Homeostasis. Cell Metab. 2018, 27, 1309–1322.e6. [CrossRef]
Ferreira, N.; Perks, K.L.; Rossetti, G.; Rudler, D.L.; Hughes, L.A.; Ermer, J.A.; Scott, L.H.; Kuznetsova, I.;
Richman, T.R.; Narayana, V.K.; et al. Stress signaling and cellular proliferation reverse the effects of
mitochondrial mistranslation. EMBO J. 2019, 38, e102155. [CrossRef] [PubMed]
Sharpley, M.S.; Marciniak, C.; Eckel-Mahan, K.; McManus, M.; Crimi, M.; Waymire, K.; Lin, C.S.; Masubuchi, S.;
Friend, N.; Koike, M.; et al. Heteroplasmy of mouse mtDNA is genetically unstable and results in altered
behavior and cognition. Cell 2012, 151, 333–343. [CrossRef] [PubMed]
Silva, J.; Aivio, S.; Knobel, P.A.; Bailey, L.J.; Casali, A.; Vinaixa, M.; Garcia-Cao, I.; Coyaud, E.; Jourdain, A.;
Perez-Ferreros, P.; et al. EXD2 governs germ stem cell homeostasis and lifespan by promoting mitoribosome
integrity and translation. Nat. Cell Biol. 2018, 20, 162–174. [CrossRef] [PubMed]
Yokokawa, T.; Kido, K.; Suga, T.; Isaka, T.; Hayashi, T.; Fujita, S. Exercise-induced mitochondrial biogenesis
coincides with the expression of mitochondrial translation factors in murine skeletal muscle. Physiol. Rep.
2018, 6, e13893. [CrossRef]
Stoldt, S.; Wenzel, D.; Kehrein, K.; Riedel, D.; Ott, M.; Jakobs, S. Spatial orchestration of mitochondrial
translation and OXPHOS complex assembly. Nat. Cell Biol. 2018, 20, 528–534. [CrossRef]
Mercer, T.R.; Neph, S.; Dinger, M.E.; Crawford, J.; Smith, M.A.; Shearwood, A.M.; Haugen, E.; Bracken, C.P.;
Rackham, O.; Stamatoyannopoulos, J.A.; et al. The human mitochondrial transcriptome. Cell 2011,
146, 645–658. [CrossRef]
Zhang, X.; Zuo, X.; Yang, B.; Li, Z.; Xue, Y.; Zhou, Y.; Huang, J.; Zhao, X.; Zhou, J.; Yan, Y.; et al. MicroRNA directly
enhances mitochondrial translation during muscle differentiation. Cell 2014, 158, 607–619. [CrossRef]
Das, S.; Bedja, D.; Campbell, N.; Dunkerly, B.; Chenna, V.; Maitra, A.; Steenbergen, C. miR-181c regulates
the mitochondrial genome, bioenergetics, and propensity for heart failure in vivo. PLoS ONE 2014,
9, e96820. [CrossRef]
Carden, T.; Singh, B.; Mooga, V.; Bajpai, P.; Singh, K.K. Epigenetic modification of miR-663
controls mitochondria-to-nucleus retrograde signaling and tumor progression. J. Biol. Chem. 2017,
292, 20694–20706. [CrossRef]
Grover, R.; Burse, S.A.; Shankrit, S.; Aggarwal, A.; Kirty, K.; Narta, K.; Srivastav, R.; Ray, A.K.; Malik, G.;
Vats, A.; et al. Myg1 exonuclease couples the nuclear and mitochondrial translational programs through
RNA processing. Nucleic Acids Res. 2019, 47, 5852–5866. [CrossRef] [PubMed]
Galati, D.; Srinivasan, S.; Raza, H.; Prabu, S.K.; Hardy, M.; Chandran, K.; Lopez, M.; Kalyanaraman, B.;
Avadhani, N.G. Role of nuclear-encoded subunit Vb I the assembly and stability of cytochrome c oxidase
complex: Implications in mitochondrial dysfunction and ROS production. Biochem. J. 2009, 420, 439–449.
[CrossRef] [PubMed]
Khalimonchuk, O.; Bird, A.; Winge, D.R. Evidence for a pro-oxidant intermediate in the assembly of
cytochrome oxidase. J. Biol. Chem. 2007, 282, 17442–17449. [CrossRef] [PubMed]
Gomez-Serrano, M.; Camafeita, E.; Lopez, J.A.; Rubio, M.A.; Breton, I.; Garcia-Consuegra, I.; Garcia-Santos, E.;
Lago, J.; Sanchez-Pernaute, A.; Torres, A.; et al. Differential proteomic and oxidative profiles unveil
dysfunctional protein import to adipocyte mitochondria in obesity-associated aging and diabetes. Redox Biol.
2017, 11, 415–428. [CrossRef]
Rampello, N.G.; Stenger, M.; Westermann, B.; Osiewacz, H.D. Impact of F1Fo-ATP-synthase dimer assembly
factors on mitochondrial function and organismic aging. Microb. Cell 2018, 5, 198–207. [CrossRef]
Tauchi, H.; Sato, T. Age changes in size and number of mitochondria of human hepatic cells. J. Gerontol.
1968, 23, 454–461. [CrossRef]
Herbener, G.H. A morphometric study of age-dependent changes in mitochondrial population of mouse
liver and heart. J. Gerontol. 1976, 31, 8–12. [CrossRef]
El’darov, C.M.; Vays, V.B.; Vangeli, I.M.; Kolosova, N.G.; Bakeeva, L.E. Morphometric Examination of
Mitochondrial Ultrastructure in Aging Cardiomyocytes. Biochem. (Mosc.) 2015, 80, 604–609. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

89.

90.
91.
92.
93.
94.

95.
96.

97.
98.
99.
100.

101.
102.
103.
104.

105.

106.

107.
108.

109.

110.

35 of 50

Houmard, J.A.; Weidner, M.L.; Gavigan, K.E.; Tyndall, G.L.; Hickey, M.S.; Alshami, A. Fiber type and
citrate synthase activity in the human gastrocnemius and vastus lateralis with aging. J. Appl. Physiol. 1998,
85, 1337–1341. [CrossRef]
Hock, M.B.; Kralli, A. Transcriptional control of mitochondrial biogenesis and function. Annu. Rev. Physiol.
2009, 71, 177–203. [CrossRef]
Jornayvaz, F.R.; Shulman, G.I. Regulation of mitochondrial biogenesis. Essays Biochem. 2010, 47, 69–84.
Scarpulla, R.C. Transcriptional paradigms in mammalian mitochondrial biogenesis and function. Physiol. Rev.
2008, 88, 611–638. [CrossRef]
Fan, W.; Evans, R. PPARs and ERRs: Molecular mediators of mitochondrial metabolism. Curr. Opin. Cell Biol.
2015, 33, 49–54. [CrossRef]
Li, F.; Wang, Y.; Zeller, K.I.; Potter, J.J.; Wonsey, D.R.; O’Donnell, K.A.; Kim, J.W.; Yustein, J.T.;
Lee, L.A.; Dang, C.V. Myc stimulates nuclearly encoded mitochondrial genes and mitochondrial biogenesis.
Mol. Cell Biol. 2005, 25, 6225–6234. [CrossRef]
Dhar, S.S.; Ongwijitwat, S.; Wong-Riley, M.T. Nuclear respiratory factor 1 regulates all ten nuclear-encoded
subunits of cytochrome c oxidase in neurons. J. Biol. Chem. 2008, 283, 3120–3129. [CrossRef]
Wang, C.; Li, Z.; Lu, Y.; Du, R.; Katiyar, S.; Yang, J.; Fu, M.; Leader, J.E.; Quong, A.; Novikoff, P.M.; et al. Cyclin D1
repression of nuclear respiratory factor 1 integrates nuclear DNA synthesis and mitochondrial function.
Proc. Natl. Acad. Sci. USA 2006, 103, 11567–11572. [CrossRef]
Ohtsuji, M.; Katsuoka, F.; Kobayashi, A.; Aburatani, H.; Hayes, J.D.; Yamamoto, M. Nrf1 and Nrf2 play distinct roles
in activation of antioxidant response element-dependent genes. J. Biol. Chem. 2008, 283, 33554–33562. [CrossRef]
Huo, L.; Scarpulla, R.C. Mitochondrial DNA instability and peri-implantation lethality associated with
targeted disruption of nuclear respiratory factor 1 in mice. Mol. Cell Biol. 2001, 21, 644–654. [CrossRef]
Leung, L.; Kwong, M.; Hou, S.; Lee, C.; Chan, J.Y. Deficiency of the Nrf1 and Nrf2 transcription factors results
in early embryonic lethality and severe oxidative stress. J. Biol. Chem. 2003, 278, 48021–48029. [CrossRef]
Xia, Y.; Buja, L.M.; Scarpulla, R.C.; McMillin, J.B. Electrical stimulation of neonatal cardiomyocytes results
in the sequential activation of nuclear genes governing mitochondrial proliferation and differentiation.
Proc. Natl. Acad. Sci. USA 1997, 94, 11399–11404. [CrossRef]
Ojuka, E.O.; Jones, T.E.; Han, D.H.; Chen, M.; Holloszy, J.O. Raising Ca2 + in L6 myotubes mimics effects of
exercise on mitochondrial biogenesis in muscle. FASEB J. 2003, 17, 675–681. [CrossRef]
Suliman, H.B.; Carraway, M.S.; Tatro, L.G.; Piantadosi, C.A. A new activating role for CO in cardiac
mitochondrial biogenesis. J. Cell Sci. 2007, 120, 299–308. [CrossRef]
Villena, J.A.; Kralli, A. ERRalpha: A metabolic function for the oldest orphan. Trends Endocrinol. Metab. 2008,
19, 269–276. [CrossRef]
Singh, B.K.; Sinha, R.A.; Tripathi, M.; Mendoza, A.; Ohba, K.; Sy, J.A.C.; Xie, S.Y.; Zhou, J.; Ho, J.P.;
Chang, C.Y.; et al. Thyroid hormone receptor and ERRalpha coordinately regulate mitochondrial fission,
mitophagy, biogenesis, and function. Sci. Signal. 2018, 11, 536. [CrossRef]
Perry, M.C.; Dufour, C.R.; Tam, I.S.; B’Chir, W.; Giguere, V. Estrogen-related receptor-alpha coordinates
transcriptional programs essential for exercise tolerance and muscle fitness. Mol. Endocrinol. 2014,
28, 2060–2071. [CrossRef]
Alaynick, W.A.; Kondo, R.P.; Xie, W.; He, W.; Dufour, C.R.; Downes, M.; Jonker, J.W.; Giles, W.; Naviaux, R.K.;
Giguere, V.; et al. ERRgamma directs and maintains the transition to oxidative metabolism in the postnatal
heart. Cell Metab. 2007, 6, 13–24. [CrossRef]
Canto, C.; Auwerx, J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls
energy expenditure. Curr. Opin. Lipidol. 2009, 20, 98–105. [CrossRef]
Canto, C.; Jiang, L.Q.; Deshmukh, A.S.; Mataki, C.; Coste, A.; Lagouge, M.; Zierath, J.R.; Auwerx, J.
Interdependence of AMPK and SIRT1 for metabolic adaptation to fasting and exercise in skeletal muscle.
Cell Metab. 2010, 11, 213–219. [CrossRef]
Ennequin, G.; Boisseau, N.; Caillaud, K.; Chavanelle, V.; Gerbaix, M.; Metz, L.; Etienne, M.; Walrand, S.;
Masgrau, A.; Guillet, C.; et al. Exercise training and return to a well-balanced diet activate the neuregulin
1/ErbB pathway in skeletal muscle of obese rats. J. Physiol. 2015, 593, 2665–2677. [CrossRef]
Cai, M.X.; Shi, X.C.; Chen, T.; Tan, Z.N.; Lin, Q.Q.; Du, S.J.; Tian, Z.J. Exercise training activates neuregulin 1/ErbB
signaling and promotes cardiac repair in a rat myocardial infarction model. Life Sci. 2016, 149, 1–9. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

36 of 50

111. Akimoto, T.; Pohnert, S.C.; Li, P.; Zhang, M.; Gumbs, C.; Rosenberg, P.B.; Williams, R.S.; Yan, Z.
Exercise stimulates Pgc-1alpha transcription in skeletal muscle through activation of the p38 MAPK pathway.
J. Biol. Chem. 2005, 280, 19587–19593. [CrossRef] [PubMed]
112. Kalfalah, F.; Sobek, S.; Bornholz, B.; Gotz-Rosch, C.; Tigges, J.; Fritsche, E.; Krutmann, J.; Kohrer, K.; Deenen, R.;
Ohse, S.; et al. Inadequate mito-biogenesis in primary dermal fibroblasts from old humans is associated with
impairment of PGC1A-independent stimulation. Exp. Gerontol. 2014, 56, 59–68. [CrossRef]
113. Salminen, A.; Kaarniranta, K. AMP- activated protein kinase (AMPK) controls the aging process via an
integrated signaling network. Ageing Res. Rev. 2012, 11, 230–241. [CrossRef]
114. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Age-related changes in AMPK activation: Role for AMPK
phosphatases and inhibitory phosphorylation by upstream signaling pathways. Ageing Res. Rev. 2016,
28, 15–26. [CrossRef] [PubMed]
115. Qiang, W.; Weiqiang, K.; Qing, Z.; Pengju, Z.; Yi, L. Aging impairs insulin-stimulated glucose uptake in rat
skeletal muscle via suppressing AMPKalpha. Exp. Mol. Med. 2007, 39, 53543. [CrossRef] [PubMed]
116. Reznick, R.M.; Zong, H.; Li, J.; Morino, K.; Moore, I.K.; Yu, H.J.; Liu, Z.X.; Dong, J.; Mustard, K.J.;
Hawley, S.A.; et al. Aging-associated reductions in AMP-activated protein kinase activity and mitochondrial
biogenesis. Cell Metab. 2007, 5, 151–156. [CrossRef] [PubMed]
117. Barger, J.L.; Anderson, R.M.; Newton, M.A.; da Silva, C.; Vann, J.A.; Pugh, T.D.; Someya, S.; Prolla, T.A.;
Weindruch, R. A conserved transcriptional signature of delayed aging and reduced disease vulnerability is
partially mediated by SIRT3. PLoS ONE 2015, 10, e0120738. [CrossRef]
118. Imai, S.; Guarente, L. NAD+ and sirtuins in aging and disease. Trends Cell Biol. 2014, 24, 464–471. [CrossRef]
119. Bonkowski, M.S.; Sinclair, D.A. Slowing ageing by design: The rise of NAD(+) and sirtuin-activating compounds.
Nat. Rev. Mol. Cell Biol. 2016, 17, 679–690. [CrossRef]
120. Lee, H.J.; Kang, M.G.; Cha, H.Y.; Kim, Y.M.; Lim, Y.; Yang, S.J. Effects of Piceatannol and Resveratrol on
Sirtuins and Hepatic Inflammation in High-Fat Diet-Fed Mice. J. Med. Food 2019, 22, 833–840. [CrossRef]
121. Imai, S.I.; Guarente, L. It takes two to tango: NAD(+) and sirtuins in aging/longevity control. NPJ Aging
Mech. Dis. 2016, 2, 16017. [CrossRef] [PubMed]
122. Alcazar-Fabra, M.; Navas, P.; Brea-Calvo, G. Coenzyme Q biosynthesis and its role in the respiratory
chain structure. Biochim. Biophys. Acta 2016, 1857, 1073–1078. [CrossRef] [PubMed]
123. Acosta, M.J.; Vazquez Fonseca, L.; Desbats, M.A.; Cerqua, C.; Zordan, R.; Trevisson, E.; Salviati, L. Coenzyme Q
biosynthesis in health and disease. Biochim. Biophys. Acta 2016, 1857, 1079–1085. [CrossRef] [PubMed]
124. Kagan, V.E.; Tyurina, Y.Y.; Witt, E. Role of coenzyme Q and superoxide in vitamin E cycling. Subcell. Biochem.
1998, 30, 491–507.
125. Beyer, R.E.; Burnett, B.A.; Cartwright, K.J.; Edington, D.W.; Falzon, M.J.; Kreitman, K.R.; Kuhn, T.W.;
Ramp, B.J.; Rhee, S.Y.; Rosenwasser, M.J.; et al. Tissue coenzyme Q (ubiquinone) and protein concentrations
over the life span of the laboratory rat. Mech. Ageing Dev. 1985, 32, 267–281. [CrossRef]
126. Kalen, A.; Appelkvist, E.L.; Dallner, G. Age-related changes in the lipid compositions of rat and human tissues.
Lipids 1989, 24, 579–584. [CrossRef]
127. Diaz-Castro, J.; Moreno-Fernandez, J.; Chirosa, I.; Chirosa, L.J.; Guisado, R.; Ochoa, J.J. Beneficial Effect of
Ubiquinol on Hematological and Inflammatory Signaling during Exercise. Nutrients 2020, 12, 424. [CrossRef]
128. Diaz-Casado, M.E.; Quiles, J.L.; Barriocanal-Casado, E.; Gonzalez-Garcia, P.; Battino, M.; Lopez, L.C.; Varela-Lopez, A.
The Paradox of Coenzyme Q10 in Aging. Nutrients 2019, 11, 2221. [CrossRef]
129. Ristow, M. Unraveling the truth about antioxidants: Mitohormesis explains ROS-induced health benefits.
Nat. Med. 2014, 20, 709–711. [CrossRef]
130. Mailloux, R.J.; Beriault, R.; Lemire, J.; Singh, R.; Chenier, D.R.; Hamel, R.D.; Appanna, V.D. The tricarboxylic
acid cycle, an ancient metabolic network with a novel twist. PLoS ONE 2007, 2, e690. [CrossRef]
131. Zdzisinska, B.; Zurek, A.; Kandefer-Szerszen, M. Alpha-Ketoglutarate as a Molecule with Pleiotropic
Activity: Well-Known and Novel Possibilities of Therapeutic Use. Arch. Immunol. Ther. Exp. 2017, 65, 21–36.
[CrossRef] [PubMed]
132. Salminen, A.; Kauppinen, A.; Hiltunen, M.; Kaarniranta, K. Krebs cycle intermediates regulate DNA
and histone methylation: Epigenetic impact on the aging process. Ageing Res. Rev. 2014, 16, 45–65.
[CrossRef] [PubMed]
133. Delaval, E.; Perichon, M.; Friguet, B. Age-related impairment of mitochondrial matrix aconitase and
ATP-stimulated protease in rat liver and heart. Eur. J. Biochem. 2004, 271, 4559–4564. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 7580

37 of 50

134. Yarian, C.S.; Toroser, D.; Sohal, R.S. Aconitase is the main functional target of aging in the citric acid cycle of
kidney mitochondria from mice. Mech. Ageing Dev. 2006, 127, 79–84. [CrossRef]
135. He, W.; Miao, F.J.; Lin, D.C.; Schwandner, R.T.; Wang, Z.; Gao, J.; Chen, J.L.; Tian, H.; Ling, L. Citric acid cycle
intermediates as ligands for orphan G-protein-coupled receptors. Nature 2004, 429, 188–193. [CrossRef]
136. Gilissen, J.; Jouret, F.; Pirotte, B.; Hanson, J. Insight into SUCNR1 (GPR91) structure and function.
Pharmacol. Ther. 2016, 159, 56–65. [CrossRef]
137. Hu, J.; Li, T.; Du, X.; Wu, Q.; Le, Y.Z. G protein-coupled receptor 91 signaling in diabetic retinopathy and
hypoxic retinal diseases. Vis. Res. 2017, 139, 59–64. [CrossRef]
138. Knauf, F.; Mohebbi, N.; Teichert, C.; Herold, D.; Rogina, B.; Helfand, S.; Gollasch, M.; Luft, F.C.; Aronson, P.S.
The life-extending gene Indy encodes an exchanger for Krebs-cycle intermediates. Biochem. J. 2006,
397, 25–29. [CrossRef]
139. Fei, Y.J.; Liu, J.C.; Inoue, K.; Zhuang, L.; Miyake, K.; Miyauchi, S.; Ganapathy, V. Relevance of NAC-2,
an Na+-coupled citrate transporter, to life span, body size and fat content in Caenorhabditis elegans.
Biochem. J. 2004, 379, 191–198. [CrossRef]
140. Zhu, X.H.; Lu, M.; Lee, B.Y.; Ugurbil, K.; Chen, W. In vivo NAD assay reveals the intracellular NAD contents
and redox state in healthy human brain and their age dependences. Proc. Natl. Acad. Sci. USA 2015,
112, 2876–2881. [CrossRef]
141. Zhang, H.; Ryu, D.; Wu, Y.; Gariani, K.; Wang, X.; Luan, P.; D’Amico, D.; Ropelle, E.R.; Lutolf, M.P.;
Aebersold, R.; et al. NAD(+) repletion improves mitochondrial and stem cell function and enhances life
span in mice. Science 2016, 352, 1436–1443. [CrossRef]
142. Davila, A.; Liu, L.; Chellappa, K.; Redpath, P.; Nakamaru-Ogiso, E.; Paolella, L.M.; Zhang, Z.; Migaud, M.E.;
Rabinowitz, J.D.; Baur, J.A. Nicotinamide adenine dinucleotide is transported into mammalian mitochondria.
Elife 2018, 7, e33246. [CrossRef]
143. Murata, M.M.; Kong, X.; Moncada, E.; Chen, Y.; Imamura, H.; Wang, P.; Berns, M.W.; Yokomori, K.; Digman, M.A.
NAD+ consumption by PARP1 in response to DNA damage triggers metabolic shift critical for damaged
cell survival. Mol. Biol. Cell 2019, 30, 2584–2597. [CrossRef]
144. Ethier, C.; Tardif, M.; Arul, L.; Poirier, G.G. PARP-1 modulation of mTOR signaling in response to a DNA
alkylating agent. PLoS ONE 2012, 7, e47978. [CrossRef]
145. Ha, H.C.; Snyder, S.H. Poly(ADP-ribose) polymerase is a mediator of necrotic cell death by ATP depletion.
Proc. Natl. Acad. Sci. USA 1999, 96, 13978–13982. [CrossRef]
146. Brenmoehl, J.; Hoeflich, A. Dual control of mitochondrial biogenesis by sirtuin 1 and sirtuin 3. Mitochondrion
2013, 13, 755–761. [CrossRef]
147. Chuang, Y.C.; Chen, S.D.; Jou, S.B.; Lin, T.K.; Chen, S.F.; Chen, N.C.; Hsu, C.Y. Sirtuin 1 Regulates Mitochondrial
Biogenesis and Provides an Endogenous Neuroprotective Mechanism Against Seizure-Induced Neuronal
Cell Death in the Hippocampus Following Status Epilepticus. Int. J. Mol. Sci. 2019, 20, 3588. [CrossRef]
148. Torrens-Mas, M.; Hernandez-Lopez, R.; Pons, D.G.; Roca, P.; Oliver, J.; Sastre-Serra, J. Sirtuin 3 silencing
impairs mitochondrial biogenesis and metabolism in colon cancer cells. Am. J. Physiol. Cell Physiol. 2019,
317, C398–C404. [CrossRef]
149. Li, P.; Liu, Y.; Burns, N.; Zhao, K.S.; Song, R. SIRT1 is required for mitochondrial biogenesis reprogramming in
hypoxic human pulmonary arteriolar smooth muscle cells. Int. J. Mol. Med. 2017, 39, 1127–1136. [CrossRef]
150. Fouquerel, E.; Goellner, E.M.; Yu, Z.; Gagne, J.P.; de Moura, M.B.; Feinstein, T.; Wheeler, D.; Redpath, P.; Li, J.;
Romero, G.; et al. ARTD1/PARP1 negatively regulates glycolysis by inhibiting hexokinase 1 independent of
NAD+ depletion. Cell Rep. 2014, 8, 1183–1819. [CrossRef]
151. Mota, R.A.; Sanchez-Bueno, F.; Saenz, L.; Hernandez-Espinosa, D.; Jimeno, J.; Tornel, P.L.; Martinez-Torrano, A.;
Ramirez, P.; Parrilla, P.; Yelamos, J. Inhibition of poly(ADP-ribose) polymerase attenuates the severity of acute
pancreatitis and associated lung injury. Lab. Investig. 2005, 85, 1250–1262. [CrossRef]
152. Grube, K.; Burkle, A. Poly(ADP-ribose) polymerase activity in mononuclear leukocytes of 13 mammalian species
correlates with species-specific life span. Proc. Natl. Acad. Sci. USA 1992, 89, 11759–11763. [CrossRef] [PubMed]
153. Muiras, M.L.; Muller, M.; Schachter, F.; Burkle, A. Increased poly(ADP-ribose) polymerase activity in
lymphoblastoid cell lines from centenarians. J. Mol. Med. 1998, 76, 346–354. [CrossRef] [PubMed]
154. Vida, A.; Abdul-Rahman, O.; Miko, E.; Brunyanszki, A.; Bai, P. Poly(ADP-Ribose) Polymerases in
Aging—Friend or Foe? Curr. Protein Pept. Sci. 2016, 17, 705–712. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

38 of 50

155. Boesten, D.M.; de Vos-Houben, J.M.; Timmermans, L.; den Hartog, G.J.; Bast, A.; Hageman, G.J.
Accelerated aging during chronic oxidative stress: A role for PARP-1. Oxid. Med. Cell Longev. 2013,
2013, 680414. [CrossRef] [PubMed]
156. Harvey, A.; Mielke, N.; Grimstead, J.W.; Jones, R.E.; Nguyen, T.; Mueller, M.; Baird, D.M.; Hendrickson, E.A.
PARP1 is required for preserving telomeric integrity but is dispensable for A-NHEJ. Oncotarget 2018,
9, 34821–34837. [CrossRef]
157. Gomez, M.; Wu, J.; Schreiber, V.; Dunlap, J.; Dantzer, F.; Wang, Y.; Liu, Y. PARP1 Is a TRF2-associated
poly(ADP-ribose)polymerase and protects eroded telomeres. Mol. Biol. Cell 2006, 17, 1686–1696. [CrossRef]
158. Hayflick, L.; Moorhead, P.S. The serial cultivation of human diploid cell strains. Exp. Cell Res. 1961,
25, 585–621. [CrossRef]
159. Herrmann, M.; Pusceddu, I.; Marz, W.; Herrmann, W. Telomere biology and age-related diseases. Clin. Chem.
Lab. Med. 2018, 56, 1210–1222. [CrossRef]
160. Turner, K.J.; Vasu, V.; Griffin, D.K. Telomere Biology and Human Phenotype. Cells 2019, 8, 73. [CrossRef]
161. Takasawa, S.; Tohgo, A.; Noguchi, N.; Koguma, T.; Nata, K.; Sugimoto, T.; Yonekura, H.; Okamoto, H.
Synthesis and hydrolysis of cyclic ADP-ribose by human leukocyte antigen CD38 and inhibition of the
hydrolysis by ATP. J. Biol. Chem. 1993, 268, 26052–26054. [PubMed]
162. Lee, H.C. Physiological functions of cyclic ADP-ribose and NAADP as calcium messengers. Annu. Rev.
Pharmacol. Toxicol. 2001, 41, 317–345. [CrossRef] [PubMed]
163. Chini, E.N. CD38 as a regulator of cellular NAD: A novel potential pharmacological target for
metabolic conditions. Curr. Pharm. Des. 2009, 15, 57–63. [CrossRef] [PubMed]
164. Amici, S.A.; Young, N.A.; Narvaez-Miranda, J.; Jablonski, K.A.; Arcos, J.; Rosas, L.; Papenfuss, T.L.;
Torrelles, J.B.; Jarjour, W.N.; Guerau-De-Arellano, M. CD38 Is Robustly Induced in Human Macrophages and
Monocytes in Inflammatory Conditions. Front. Immunol. 2018, 9, 1593. [CrossRef] [PubMed]
165. Braidy, N.; Poljak, A.; Grant, R.; Jayasena, T.; Mansour, H.; Chan-Ling, T.; Guillemin, G.J.;
Smythe, G.; Sachdev, P.S. Mapping NAD(+) metabolism in the brain of ageing Wistar rats: Potential
targets for influencing brain senescence. Biogerontology 2014, 15, 177–198. [CrossRef] [PubMed]
166. Camacho-Pereira, J.; Tarrago, M.G.; Chini, C.C.S.; Nin, V.; Escande, C.; Warner, G.M.; Puranik, A.S.;
Schoon, R.A.; Reid, J.M.; Galina, A.; et al. CD38 Dictates Age-Related NAD Decline and Mitochondrial
Dysfunction through an SIRT3-Dependent Mechanism. Cell Metab. 2016, 23, 1127–1139. [CrossRef] [PubMed]
167. Kim, H.J.; Kim, K.W.; Yu, B.P.; Chung, H.Y. The effect of age on cyclooxygenase-2 gene expression: NF-kappaB
activation and IkappaBalpha degradation. Free. Radic. Biol. Med. 2000, 28, 683–692. [CrossRef]
168. Lumeng, C.N.; Liu, J.; Geletka, L.; Delaney, C.; DelProposto, J.; Desai, A.; Oatmen, K.; Martinez-Santibanez, G.;
Julius, A.; Garg, S.; et al. Aging Is Associated with an Increase in T Cells and Inflammatory Macrophages in
Visceral Adipose Tissue. J. Immunol. 2011, 187, 6208–6216. [CrossRef]
169. Hearps, A.C.; Martin, G.E.; Angelovich, T.A.; Cheng, W.J.; Maisa, A.; Landay, A.L.; Jaworowski, A.; Crowe, S.M.
Aging is associated with chronic innate immune activation and dysregulation of monocyte phenotype and
function. Aging Cell 2012, 11, 867–875. [CrossRef]
170. Jurk, D.; Wilson, C.; Passos, J.F.; Oakley, F.; Correia-Melo, C.; Greaves, L.; Saretzki, G.; Fox, C.; Lawless, C.;
Anderson, R.; et al. Chronic inflammation induces telomere dysfunction and accelerates ageing in mice.
Nat. Commun. 2014, 2, 4172. [CrossRef]
171. Rodier, F.; Coppé, J.P.; Patil, C.K.; Hoeijmakers, W.A.; Muñoz, D.P.; Raza, S.R.; Freund, A.; Campeau, E.;
Davalos, A.R.; Campisi, J. Persistent DNA damage signalling triggers senescence-associated inflammatory
cytokine secretion. Nat. Cell Biol. 2009, 11, 973–979. [CrossRef] [PubMed]
172. Biran, A.; Zada, L.; Abou Karam, P.; Vadai, E.; Roitman, L.; Ovadya, Y.; Porat, Z.; Krizhanovsky, V.
Quantitative identification of senescent cells in aging and disease. Aging Cell 2017, 16, 661–671.
[CrossRef] [PubMed]
173. Baker, D.J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N.K.; Childs, B.G.; van de Sluis, B.; Kirkland, J.L.; van
Deursen, J.M. Clearance of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature
2011, 479, 232–236. [CrossRef] [PubMed]
174. Chung, H.Y.; Kim, D.H.; Lee, E.K.; Chung, K.W.; Chung, S.; Lee, B.; Seo, A.Y.; Chung, J.H.; Jung, Y.S.;
Im, E.; et al. Redefining Chronic Inflammation in Aging and Age-Related Diseases: Proposal of the
Senoinflammation Concept. Aging Dis. 2019, 10, 367–382. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 7580

39 of 50

175. Chini, C.; Hogan, K.A.; Warner, G.M.; Tarragó, M.G.; Peclat, T.R.; Tchkonia, T.; Kirkland, J.L.; Chini, E.
The NADase CD38 is induced by factors secreted from senescent cells providing a potential link between
senescence and age-related cellular NAD+ decline. Biochem. Biophys. Res. Commun. 2019, 513, 486–493.
[CrossRef] [PubMed]
176. Tarragó, M.G.; Chini, C.C.S.; Kanamori, K.S.; Warner, G.M.; Caride, A.; De Oliveira, G.C.; Rud, M.; Samani, A.;
Hein, K.Z.; Huang, R.; et al. A Potent and Specific CD38 Inhibitor Ameliorates Age-Related Metabolic
Dysfunction by Reversing Tissue NAD+ Decline. Cell Metab. 2018, 27, 1081–1095.e10. [CrossRef]
177. Anand, R.; Langer, T.; Baker, M.J. Proteolytic control of mitochondrial function and morphogenesis.
Biochim. Biophys. Acta 2013, 1833, 195–204. [CrossRef]
178. Quirós, P.M.; Langer, T.; López-Otín, C. New roles for mitochondrial proteases in health, ageing and disease.
Nat. Rev. Mol. Cell Biol. 2015, 16, 345–359. [CrossRef]
179. Bertelsen, B.; Melchior, L.; Jensen, L.R.; Groth, C.; Glenthøj, B.; Rizzo, R.; Debes, N.M.M.M.; Skov, L.;
Brøndum-Nielsen, K.; Paschou, P.; et al. Intragenic deletions affecting two alternative transcripts of the
IMMP2L gene in patients with Tourette syndrome. Eur. J. Hum. Genet. 2014, 22, 1283–1289. [CrossRef]
180. Strauss, K.M.; Martins, L.M.; Plun-Favreau, H.; Marx, F.P.; Kautzmann, S.; Berg, D.; Gasser, T.; Wszolek, Z.;
Müller, T.; Bornemann, A.; et al. Loss of function mutations in the gene encoding Omi/HtrA2 in Parkinson’s
disease. Hum. Mol. Genet. 2005, 14, 2099–2111. [CrossRef]
181. Shi, G.; Lee, J.R.; Grimes, D.A.; Racacho, L.; Ye, D.; Yang, H.; Ross, O.A.; Farrer, M.J.; McQuibban, G.A.; Bulman, D.E.
Functional alteration of PARL contributes to mitochondrial dysregulation in Parkinson’s disease. Hum. Mol.
Genet. 2011, 20, 1966–1974. [CrossRef] [PubMed]
182. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013,
153, 1194–1217. [CrossRef] [PubMed]
183. Baker, B.M.; Haynes, C.M. Mitochondrial protein quality control during biogenesis and aging. Trends Biochem. Sci.
2011, 36, 254–261. [CrossRef]
184. Lionaki, E.; Tavernarakis, N. Oxidative stress and mitochondrial protein quality control in aging. J. Proteom.
2013, 92, 181–194. [CrossRef] [PubMed]
185. Quirós, P.M.; Español, Y.; Acín-Pérez, R.; Rodríguez, F.; Bárcena, C.; Watanabe, K.; Calvo, E.; Loureiro, M.;
Fernández-García, M.S.; Fueyo, A.; et al. ATP-Dependent Lon Protease Controls Tumor Bioenergetics by
Reprogramming Mitochondrial Activity. Cell Rep. 2014, 8, 542–556. [CrossRef]
186. Ngo, J.K.; Davies, K.J. Importance of the Lon protease in mitochondrial maintenance and the significance of
declining Lon in aging. Ann. N. Y. Acad. Sci. 2007, 1119, 78–87. [CrossRef] [PubMed]
187. Lee, C.K.; Klopp, R.G.; Weindruch, R.; Prolla, T.A. Gene expression profile of aging and its retardation by
caloric restriction. Science 1999, 285, 1390–1393. [CrossRef]
188. Ngo, J.K.; Pomatto, L.C.; Davies, K.J. Upregulation of the mitochondrial Lon protease allows adaptation to
acute oxidative stress but dysregulation is associated with chronic stress, disease, and aging. Redox Biol.
2013, 1, 258–264. [CrossRef]
189. Bezawork-Geleta, A.; Brodie, E.J.; Dougan, D.A.; Truscott, K.N. LON is the master protease that protects
against protein aggregation in human mitochondria through direct degradation of misfolded proteins.
Sci. Rep. 2015, 5, 17397. [CrossRef]
190. Koltai, E.; Hart, N.; Taylor, A.W.; Goto, S.; Ngo, J.K.; Davies, K.E.; Radak, Z. Age-associated declines in
mitochondrial biogenesis and protein quality control factors are minimized by exercise training. Am. J.
Physiol. Integr. Comp. Physiol. 2012, 303, R127–R134. [CrossRef]
191. Bota, D.A.; Davies, K.J. Mitochondrial Lon protease in human disease and aging: Including an etiologic
classification of Lon-related diseases and disorders. Free Radic. Biol. Med. 2016, 100, 188–198. [CrossRef]
192. Jin, S.M.; Lazarou, M.; Wang, C.; Kane, L.A.; Narendra, D.P.; Youle, R.J. Mitochondrial membrane
potential regulates PINK1 import and proteolytic destabilization by PARL. J. Cell Biol. 2010, 191, 933–942.
[CrossRef] [PubMed]
193. Yamano, K.; Youle, R.J. PINK1 is degraded through the N-end rule pathway. Autophagy 2013, 9, 1758–1769.
[CrossRef] [PubMed]
194. Narendra, D.P.; Jin, S.M.; Tanaka, A.; Suen, D.F.; Gautier, C.A.; Shen, J.; Cookson, M.R.; Youle, R.J. PINK1 is
selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol. 2010, 8, e1000298. [CrossRef]
195. Sík, A.; Passer, B.J.; Koonin, E.V.; Pellegrini, L. Self-regulated cleavage of the mitochondrial intramembrane-cleaving
protease PARL yields Pbeta, a nuclear-targeted peptide. J. Biol. Chem. 2004, 279, 15323–15329. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

40 of 50

196. Civitarese, A.E.; MacLean, P.S.; Carling, S.; Kerr-Bayles, L.; McMillan, R.P.; Pierce, A.; Becker, T.C.; Moro, C.;
Finlayson, J.; Lefort, N.; et al. Regulation of skeletal muscle oxidative capacity and insulin signaling by the
mitochondrial rhomboid protease PARL. Cell Metab. 2010, 11, 412–426. [CrossRef]
197. MacVicar, T.; Langer, T. OPA1 processing in cell death and disease—The long and short of it. J. Cell Sci. 2016,
129, 2297–2306. [CrossRef] [PubMed]
198. Wai, T.; García-Prieto, J.; Baker, M.J.; Merkwirth, C.; Benit, P.; Rustin, P.; Rupérez, F.J.; Barbas, C.;
Ibañez, B.; Langer, T. Imbalanced OPA1 processing and mitochondrial fragmentation cause heart failure in
mice. Science 2015, 350, 6256. [CrossRef]
199. Sharma, A.; Smith, H.J.; Yao, P.; Mair, W.B. Causal roles of mitochondrial dynamics in longevity and
healthy aging. EMBO Rep. 2019, 20, e48395. [CrossRef]
200. Kang, S.; Fernandes-Alnemri, T.; Alnemri, E.S. A novel role for the mitochondrial HTRA2/OMI protease
in aging. Autophagy 2013, 9, 420–421. [CrossRef]
201. George, S.K.; Jiao, Y.; Bishop, C.E.; Lu, B. Mitochondrial peptidase IMMP2L mutation causes early
onset of age-associated disorders and impairs adult stem cell self-renewal. Aging Cell 2011, 10, 584–594.
[CrossRef] [PubMed]
202. Yuan, L.; Zhai, L.; Qian, L.; Huang, D.; Ding, Y.; Xiang, H.; Liu, X.; Thompson, J.W.; Liu, J.; He, Y.H.; et al.
Switching off IMMP2L signaling drives senescence via simultaneous metabolic alteration and blockage of
cell death. Cell Res. 2018, 28, 625–643. [CrossRef] [PubMed]
203. Schlame, M.; Greenberg, M.L. Biosynthesis, remodeling and turnover of mitochondrial cardiolipin.
Biochim. Biophys. Acta 2016, 1, 3–7. [CrossRef] [PubMed]
204. Lewis, R.N.; McElhaney, R.N. The physicochemical properties of cardiolipin bilayers and cardiolipin-containing
lipid membranes. Biochim. Biophys. Acta 2009, 1788, 2069–2079. [CrossRef] [PubMed]
205. Zhang, J.; Guan, Z.; Murphy, A.N.; Wiley, S.E.; Perkins, G.A.; Worby, C.A.; Engel, J.L.; Heacock, P.;
Nguyen, O.K.; Wang, J.H.; et al. Mitochondrial Phosphatase PTPMT1 Is Essential for Cardiolipin Biosynthesis.
Cell Metab. 2011, 13, 690–700. [CrossRef]
206. Claypool, S.M. Cardiolipin, a critical determinant of mitochondrial carrier protein assembly and function.
Biochim. Biophys. Acta (BBA) Biomembr. 2009, 1788, 2059–2068. [CrossRef]
207. Klingenberg, M. Cardiolipin and mitochondrial carriers. Biochim. Biophys. Acta 2009, 1788, 2048–2058. [CrossRef]
208. Musatov, A.; Sedlák, E. Role of cardiolipin in stability of integral membrane proteins. Biochimie 2017,
142, 102–111. [CrossRef]
209. Lange, C.; Nett, J.H.; Trumpower, B.L.; Hunte, C. Specific roles of protein-phospholipid interactions in the
yeast cytochrome bc1 complex structure. EMBO J. 2001, 20, 6591–6600. [CrossRef]
210. Mileykovskaya, E.; Dowhan, W. Cardiolipin-dependent formation of mitochondrial respiratory supercomplexes.
Chem. Phys. Lipids 2014, 179, 42–48. [CrossRef]
211. Stepanyants, N.; Macdonald, P.J.; Francy, C.A.; Mears, J.A.; Qi, X.; Ramachandran, R. Cardiolipin’s propensity
for phase transition and its reorganization by dynamin-related protein 1 form a basis for mitochondrial
membrane fission. Mol. Biol. Cell 2015, 26, 3104–3116. [CrossRef] [PubMed]
212. Kameoka, S.; Adachi, Y.; Okamoto, K.; Iijima, M.; Sesaki, H. Phosphatidic Acid and Cardiolipin
CoordinateMitochondrial Dynamics. Trends Cell Biol. 2018, 28, 67–76. [CrossRef] [PubMed]
213. Ban, T.; Ishihara, T.; Kohno, H.; Saita, S.; Ichimura, A.; Maenaka, K.; Oka, T.; Mihara, K.; Ishihara, N.
Molecular basis of selective mitochondrial fusion by heterotypic action between OPA1 and cardiolipin.
Nature 2017, 19, 856–863. [CrossRef] [PubMed]
214. Li, X.-X.; Tsoi, B.; Li, Y.-F.; Kurihara, H.; He, R.-R. Cardiolipin and Its Different Properties in Mitophagy
and Apoptosis. J. Histochem. Cytochem. 2015, 63, 301–311. [CrossRef] [PubMed]
215. Kagan, V.E.; Chu, C.T.; Tyurina, Y.Y.; Cheikhi, A.; Bayir, H. Cardiolipin asymmetry, oxidation and signaling.
Chem. Phys. Lipids 2014, 179, 64–69. [CrossRef] [PubMed]
216. Paradies, G.; Petrosillo, G.; Pistolese, M.; Ruggiero, F.M. The effect of reactive oxygen species generated
from the mitochondrial electron transport chain on the cytochrome c oxidase activity and on the cardiolipin
content in bovine heart submitochondrial particles. FEBS Lett. 2000, 466, 323–326. [CrossRef]
217. Paradies, G.; Petrosillo, G.; Pistolese, M.; Ruggiero, F.M. Reactive oxygen species generated by the
mitochondrial respiratory chain affect the complex III activity via cardiolipin peroxidation in beef-heart
submitochondrial particles. Mitochondrion 2001, 1, 151–159. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

41 of 50

218. Chu, C.T.; Ji, J.; Dagda, R.K.; Jiang, J.F.; Tyurina, Y.Y.; Kapralov, A.A.; Tyurin, V.A.; Yanamala, N.;
Shrivastava, I.H.; Mohammadyani, D.; et al. Cardiolipin externalization to the outer mitochondrial membrane
acts as an elimination signal for mitophagy in neuronal cells. Nature 2013, 15, 1197–1205. [CrossRef]
219. Petrosillo, G.; Casanova, G.; Matera, M.; Ruggiero, F.M.; Paradies, G. Interaction of peroxidized cardiolipin
with rat-heart mitochondrial membranes: Induction of permeability transition and cytochrome c release.
FEBS Lett. 2006, 580, 6311–6316. [CrossRef]
220. Schug, Z.T.; Gottlieb, E. Cardiolipin acts as a mitochondrial signaling platform to launch apoptosis.
Biochim. Biophys. Acta (BBA) Biomembr. 2009, 1788, 2022–2031. [CrossRef]
221. Huang, W.; Choi, W.; Hu, W.; Mi, N.; Guo, Q.; Ma, M.; Liu, M.; Tian, Y.; Lu, P.; Wang, F.-L.; et al. Crystal
structure and biochemical analyses reveal Beclin 1 as a novel membrane binding protein. Cell Res. 2012,
22, 473–489. [CrossRef] [PubMed]
222. Gonzalvez, F.; Schug, Z.T.; Houtkooper, R.H.; MacKenzie, E.D.; Brooks, D.G.; Wanders, R.J.; Petit, P.X.;
Vaz, F.M.; Gottlieb, E. Cardiolipin provides an essential activating platform for caspase-8 on mitochondria.
J. Cell Biol. 2008, 183, 681–696. [CrossRef] [PubMed]
223. Sen, T.; Sen, N.; Jana, S.; Khan, F.H.; Chatterjee, U.; Chakrabarti, S. Depolarization and cardiolipin depletion
in aged rat brain mitochondria: Relationship with oxidative stress and electron transport chain activity.
Neurochem. Int. 2007, 50, 719–725. [CrossRef] [PubMed]
224. Vorbeck, M.L.; Martin, A.P.; Long, J.W., Jr.; Smith, J.M.; Orr, R.R., Jr. Aging-dependent modification of lipid
composition and lipid structural order parameter of hepatic mitochondria. Arch. Biochem. Biophys. 1982,
217, 351–361. [CrossRef]
225. Paradies, G.; Ruggiero, F.M.; Petrosillo, G.; Quagliariello, E. Age-dependent decline in the cytochrome
c oxidase activity in rat heart mitochondria: Role of cardiolipin. FEBS Lett. 1997, 406, 136–138. [CrossRef]
226. Szeto, H.H. First-in-class cardiolipin-protective compound as a therapeutic agent to restore
mitochondrial bioenergetics. Br. J. Pharmacol. 2014, 171, 2029–2050. [CrossRef]
227. Sutovsky, P.; Moreno, R.D.; Ramalho-Santos, J.; Dominko, T.; Simerly, C.; Schatten, G. Ubiquitin tag for
sperm mitochondria. Nature 1999, 402, 371–372. [CrossRef]
228. Cann, R.L.; Stoneking, M.; Wilson, A.C. Mitochondrial DNA and human evolution. Nature 1987,
325, 31–36. [CrossRef]
229. Ramos, A.; Planchat, M.; Melo, A.R.V.; Raposo, M.; Shamim, U.; Suroliya, V.; Srivastava, A.K.; Faruq, M.;
Morino, H.; Ohsawa, R.; et al. Mitochondrial DNA haplogroups and age at onset of Machado–Joseph
disease/spinocerebellar ataxia type 3: A study in patients from multiple populations. Eur. J. Neurol. 2019,
26, 506–512. [CrossRef]
230. Veronese, N.; Stubbs, B.; Koyanagi, A.; Vaona, A.; Demurtas, J.; Schofield, P.; Maggi, S. Mitochondrial
genetic haplogroups and cardiovascular diseases: Data from the Osteoarthritis Initiative. PLoS ONE 2019,
14, e0213656. [CrossRef]
231. Chalkia, D.; Singh, L.N.; Leipzig, J.; Lvova, M.; Derbeneva, O.; Lakatos, A.; Hadley, D.; Hakonarson, H.; Wallace, D.C.
Association Between Mitochondrial DNA Haplogroup Variation and Autism Spectrum Disorders.
JAMA Psychiatry 2017, 74, 1161–1168. [CrossRef] [PubMed]
232. Gutierrez Povedano, C.; Salgado, J.; Gil, C.; Robles, M.; Patino-Garcia, A.; Garcia-Foncillas, J. Analysis of
BRCA1 and mtDNA haplotypes and mtDNA polymorphism in familial breast cancer. Mitochondrial DNA
2015, 26, 227–231. [CrossRef] [PubMed]
233. Vyshkina, T.; Sylvester, A.; Sadiq, S.; Bonilla, E.; Canter, J.A.; Perl, A.; Kalman, B. Association of common
mitochondrial DNA variants with multiple sclerosis and systemic lupus erythematosus. Clin. Immunol. 2008,
129, 31–35. [CrossRef] [PubMed]
234. Chinnery, P.F.; Taylor, G.A.; Howell, N.; Andrews, R.M.; Morris, C.M.; Taylor, R.W.; McKeith, I.G.; Perry, R.H.;
Edwardson, J.A.; Turnbull, D.M. Mitochondrial DNA haplogroups and susceptibility to AD and dementia
with Lewy bodies. Neurology 2000, 55, 302–304. [CrossRef] [PubMed]
235. Fernandez, D.; Kirou, K.A. What Causes Lupus Flares? Curr. Rheumatol. Rep. 2016, 18, 14. [CrossRef]
236. DiMauro, S.; Garone, C. Historical perspective on mitochondrial medicine. Dev. Disabil. Res. Rev. 2010,
16, 106–113. [CrossRef] [PubMed]
237. Ross, O.A.; McCormack, R.; Curran, M.D.; Duguid, R.A.; Barnett, Y.A.; Rea, I.M.; Middleton, D. Mitochondrial
DNA polymorphism: Its role in longevity of the Irish population. Exp. Gerontol. 2001, 36, 1161–1178. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

42 of 50

238. Niemi, A.K.; Hervonen, A.; Hurme, M.; Karhunen, P.J.; Jylha, M.; Majamaa, K. Mitochondrial DNA
polymorphisms associated with longevity in a Finnish population. Hum. Genet. 2003, 112, 29–33. [CrossRef]
239. Shlush, L.I.; Atzmon, G.; Weisshof, R.; Behar, D.; Yudkovsky, G.; Barzilai, N.; Skorecki, K. Ashkenazi Jewish
centenarians do not demonstrate enrichment in mitochondrial haplogroup J. PLoS ONE 2008, 3, e3425. [CrossRef]
240. Dato, S.; Passarino, G.; Rose, G.; Altomare, K.; Bellizzi, D.; Mari, V.; Feraco, E.; Franceschi, C.; De Benedictis, G.
Association of the mitochondrial DNA haplogroup J with longevity is population specific. Eur. J. Hum. Genet.
2004, 12, 1080–1082. [CrossRef]
241. Tranah, G.J.; Santaniello, A.; Caillier, S.J.; D’Alfonso, S.; Boneschi, F.M.; Hauser, S.L.; Oksenberg, J.R. Mitochondrial
DNA sequence variation in multiple sclerosis. Neurology 2015, 85, 325–330. [CrossRef] [PubMed]
242. Marcuello, A.; Martinez-Redondo, D.; Dahmani, Y.; Casajus, J.A.; Ruiz-Pesini, E.; Montoya, J.;
Lopez-Perez, M.J.; Diez-Sanchez, C. Human mitochondrial variants influence on oxygen consumption.
Mitochondrion 2009, 9, 27–30. [CrossRef] [PubMed]
243. Chen, A.; Raule, N.; Chomyn, A.; Attardi, G. Decreased reactive oxygen species production in cells with
mitochondrial haplogroups associated with longevity. PLoS ONE 2012, 7, e46473. [CrossRef] [PubMed]
244. Christie, J.R.; Schaerf, T.M.; Beekman, M. Selection against heteroplasmy explains the evolution of uniparental
inheritance of mitochondria. PLoS Genet. 2015, 11, e1005112. [CrossRef]
245. Stewart, J.B.; Chinnery, P.F. The dynamics of mitochondrial DNA heteroplasmy: Implications for human
health and disease. Nat. Rev. Genet. 2015, 16, 530–542. [CrossRef]
246. Bogenhagen, D.; Clayton, D.A. Mouse L cell mitochondrial DNA molecules are selected randomly for
replication throughout the cell cycle. Cell 1977, 11, 719–727. [CrossRef]
247. Krishnan, K.J.; Reeve, A.K.; Samuels, D.C.; Chinnery, P.F.; Blackwood, J.K.; Taylor, R.W.; Wanrooij, S.;
Spelbrink, J.N.; Lightowlers, R.N.; Turnbull, D.M. What auses mitochondrial DNA deletions in human cells?
Nat. Genet. 2008, 40, 259–275. [CrossRef]
248. Reeve, A.K.; Krishnan, K.J.; Elson, J.L.; Morris, C.M.; Bender, A.; Lightowlers, R.N.; Turnbull, D.M. Nature of
mitochondrial DNA deletions in substantia nigra neurons. Am. J. Hum. Genet. 2008, 82, 228–235. [CrossRef]
249. Halliwell, B. Reactive oxygen species and the central nervous system. J. Neurochem. 1992, 59, 1609–1623. [CrossRef]
250. Liu, V.W.; Zhang, C.; Nagley, P. Mutations in mitochondrial DNA accumulate differentially in three different
human tissues during ageing. Nucleic Acids Res. 1998, 26, 1268–1275. [CrossRef]
251. McDonald, S.A.; Greaves, L.C.; Gutierrez–Gonzalez, L.; Rodriguez–Justo, M.; Deheragoda, M.; Leedham, S.J.;
Taylor, R.W.; Lee, C.Y.; Preston, S.L.; Lovell, M.; et al. Mechanisms of Field Cancerization in the Human
Stomach: The Expansion and Spread of Mutated Gastric Stem Cells. Gastroenterology 2008, 134, 500–510.
[CrossRef] [PubMed]
252. Ma, H.; Lee, Y.; Hayama, T.; Van Dyken, C.; Marti-Gutierrez, N.; Li, Y.; Ahmed, R.; Koski, A.; Kang, E.;
Darby, H.; et al. Germline and somatic mtDNA mutations in mouse aging. PLoS ONE 2018, 13, e0201304.
[CrossRef] [PubMed]
253. Kang, E.; Wang, X.; Tippner-Hedges, R.; Ma, H.; Folmes, C.D.; Gutierrez, N.M.; Lee, Y.; Van Dyken, C.;
Ahmed, R.; Li, Y.; et al. Age-Related Accumulation of Somatic Mitochondrial DNA Mutations in
Adult-Derived Human iPSCs. Cell Stem Cell 2016, 18, 625–636. [CrossRef] [PubMed]
254. Payne, B.A.; Wilson, I.J.; Yu-Wai-Man, P.; Coxhead, J.; Deehan, D.; Horvath, R.; Taylor, R.W.; Samuels, D.C.;
Santibanez-Koref, M.; Chinnery, P.F. Universal heteroplasmy of human mitochondrial DNA. Hum. Mol. Genet.
2013, 22, 384–390. [CrossRef]
255. Li, H.; Slone, J.; Fei, L.; Huang, T. Mitochondrial DNA Variants and Common Diseases: A Mathematical
Model for the Diversity of Age-Related mtDNA Mutations. Cells 2019, 8, 608. [CrossRef]
256. Ye, K.; Lu, J.; Ma, F.; Keinan, A.; Gu, Z. Extensive pathogenicity of mitochondrial heteroplasmy in healthy
human individuals. Proc. Natl. Acad. Sci. USA 2014, 111, 10654–10659. [CrossRef]
257. Elson, J.L.; Samuels, D.C.; Turnbull, D.M.; Chinnery, P.F. Random intracellular drift explains the clonal
expansion of mitochondrial DNA mutations with age. Am. J. Hum. Genet. 2001, 68, 802–806. [CrossRef]
258. Ott, M.; Amunts, A.; Brown, A. Organization and Regulation of Mitochondrial Protein Synthesis.
Annu. Rev. Biochem. 2016, 85, 77–101. [CrossRef]
259. Sylvester, J.E.; Fischel-Ghodsian, N.; Mougey, E.B.; O’Brien, T.W. Mitochondrial ribosomal proteins:
Candidate genes for mitochondrial disease. Genet. Med. 2004, 6, 73–80. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

43 of 50

260. Chen, A.; Tiosano, D.; Guran, T.; Baris, H.N.; Bayram, Y.; Mory, A.; Shapiro-Kulnane, L.; A Hodges, C.;
Akdemir, Z.C.; Turan, S.; et al. Mutations in the mitochondrial ribosomal protein MRPS22 lead to primary
ovarian insufficiency. Hum. Mol. Genet. 2018, 27, 1913–1926. [CrossRef]
261. Bugiardini, E.; Mitchell, A.L.; Rosa, I.D.; Horning-Do, H.-T.; Pitmann, A.M.; Poole, O.V.; Holton, J.L.; Shah, S.;
Woodward, C.; Hargreaves, I.P.; et al. MRPS25 mutations impair mitochondrial translation and cause
encephalomyopathy. Hum. Mol. Genet. 2019, 28, 2711–2719. [CrossRef] [PubMed]
262. Borna, N.N.; Kishita, Y.; Kohda, M.; Lim, S.C.; Shimura, M.; Wu, Y.; Mogushi, K.; Yatsuka, Y.; Harashima, H.;
Hisatomi, Y.; et al. Mitochondrial ribosomal protein PTCD3 mutations cause oxidative phosphorylation
defects with Leigh syndrome. Neurogenetics 2019, 20, 9–25. [CrossRef] [PubMed]
263. Akbergenov, R.; Duscha, S.; Fritz, A.K.; Juskeviciene, R.; Oishi, N.; Schmitt, K.; Shcherbakov, D.; Teo, Y.;
Boukari, H.; Freihofer, P.; et al. Mutant MRPS 5 affects mitoribosomal accuracy and confers stress-related
behavioral alterations. EMBO Rep. 2018, 19, e46193. [CrossRef]
264. González-Serrano, L.E.; Chihade, J.W.; Sissler, M. When a common biological role does not imply common
disease outcomes: Disparate pathology linked to human mitochondrial aminoacyl-tRNA synthetases.
J. Biol. Chem. 2019, 294, 5309–5320. [CrossRef] [PubMed]
265. Suzuki, T.; Nagao, A.; Suzuki, T. Human mitochondrial tRNAs: Biogenesis, function, structural aspects,
and diseases. Annu. Rev. Genet. 2011, 45, 299–329. [CrossRef]
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Pažanin, L.; Cvitanović Šojat, L.; Kekez, T.; et al. Mitochondrial myopathy associated with a novel 5522G >
A mutation in the mitochondrial tRNA(Trp) gene. Eur. J. Hum. Genet. 2013, 21, 871–875. [CrossRef]
267. Lehmann, D.; Schubert, K.; Joshi, P.R.; Hardy, S.A.; Tuppen, H.A.L.; Baty, K.; Blakely, E.L.; Bamberg, C.;
Zierz, S.; Deschauer, M.; et al. Pathogenic mitochondrial mt-tRNA(Ala) variants are uniquely associated
with isolated myopathy. Eur. J. Hum. Genet. 2015, 23, 1735–1738. [CrossRef]
268. Zheng, J.; Ji, Y.; Guan, M.X. Mitochondrial tRNA mutations associated with deafness. Mitochondrion 2012,
12, 406–413. [CrossRef]
269. Zheng, J.; Bai, X.; Xiao, Y.; Ji, Y.; Meng, F.; Aishanjiang, M.; Gao, Y.; Wang, H.; Fu, Y.; Guan, M.X. Mitochondrial tRNA
mutations in 887 Chinese subjects with hearing loss. Mitochondrion 2020, 52, 163–172. [CrossRef]
270. Djordjevic, D.; Brady, L.; Bai, R.; Tarnopolsky, M.A. Two novel mitochondrial tRNA mutations,
A7495G (tRNASer(UCN)) and C5577T (tRNATrp), are associated with seizures and cardiac dysfunction.
Mitochondrion 2016, 31, 40–44. [CrossRef]
271. Saoura, M.; Powell, C.A.; Kopajtich, R.; Alahmad, A.; Al-Balool, H.H.; Albash, B.; Alfadhel, M.; Alston, C.L.;
Bertini, E.; Bonnen, P.E.; et al. Mutations in ELAC2 associated with hypertrophic cardiomyopathy impair
mitochondrial tRNA 30 -end processing. Hum. Mutat. 2019, 40, 1731–1748. [CrossRef] [PubMed]
272. Glatz, C.; D’Aco, K.; Smith, S.; Sondheimer, N. Mutation in the mitochondrial tRNA(Val) causes
mitochondrial encephalopathy, lactic acidosis and stroke-like episodes. Mitochondrion 2011, 11, 615–661.
[CrossRef] [PubMed]
273. Tanji, K.; Kaufmann, P.; Naini, A.B.; Lu, J.; Parsons, T.C.; Wang, D.; Willey, J.Z.; Shanske, S.; Hirano, M.;
Bonilla, E.; et al. A novel tRNAVal mitochondrial DNA mutation causing MELAS. J. Neurol. Sci. 2008,
270, 23–27. [CrossRef] [PubMed]
274. Moreno-Loshuertos, R.; Ferrín, G.; Acín-Pérez, R.; Gallardo, M.E.; Viscomi, C.; Pérez-Martos, A.; Zeviani, M.;
Fernandez-Silva, P.; Enriquez, J.A. Evolution Meets Disease: Penetrance and Functional Epistasis of
Mitochondrial tRNA Mutations. PLoS Genet. 2011, 7, e1001379. [CrossRef]
275. Yasukawa, T.; Suzuki, T.; Ishii, N.; Ohta, S.; Watanabe, K. Wobble modification defect in tRNA disturbs
codon-anticodon interaction in a mitochondrial disease. EMBO J. 2001, 20, 4794–4802. [CrossRef]
276. Richter, U.; Evans, M.E.; Clark, W.C.; Marttinen, P.; Shoubridge, E.A.; Suomalainen, A.; Wredenberg, A.;
Wedell, A.; Pan, T.; Battersby, B.J. RNA modification landscape of the human mitochondrial tRNALys
regulates protein synthesis. Nat. Commun. 2018, 9, 3966. [CrossRef]
277. Elson, J.L.; Smith, P.M.; Greaves, L.C.; Lightowlers, R.N.; Chrzanowska-Lightowlers, Z.;
Taylor, R.W.; Vila-Sanjurjo, A. The presence of highly disruptive 16S rRNA mutations in clinical samples
indicates a wider role for mutations of the mitochondrial ribosome in human disease. Mitochondrion 2015,
25, 17–27. [CrossRef]
278. Smith, P.M.; Elson, J.L.; Greaves, L.C.; Wortmann, S.B.; Rodenburg, R.J.; Lightowlers, R.N.;
Chrzanowska-Lightowlers, Z.M.; Taylor, R.W.; Vila-Sanjurjo, A. The role of the mitochondrial ribosome

Int. J. Mol. Sci. 2020, 21, 7580

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.
289.
290.
291.
292.
293.

294.
295.

296.
297.
298.

44 of 50

in human disease: Searching for mutations in 12S mitochondrial rRNA with high disruptive potential.
Hum. Mol. Genet. 2014, 23, 949–967. [CrossRef]
Prezant, T.R.; Agapian, J.V.; Bohlman, M.C.; Bu, X.; Öztas, S.; Qiu, W.-Q.; Arnos, K.S.; Cortopassi, G.A.;
Jaber, L.; Rotter, J.I.; et al. Mitochondrial ribosomal RNA mutation associated with both antibiotic–induced
and non–syndromic deafness. Nat. Genet. 1993, 4, 289–294. [CrossRef]
Zhao, H.; Li, R.; Wang, Q.; Yan, Q.; Deng, J.-H.; Han, D.; Bai, Y.; Young, W.-Y.; Guan, M.-X. Maternally Inherited
Aminoglycoside-Induced and Nonsyndromic Deafness Is Associated with the Novel C1494T Mutation in the
Mitochondrial 12S rRNA Gene in a Large Chinese Family. Am. J. Hum. Genet. 2004, 74, 139–152. [CrossRef]
Coulbault, L.; Deslandes, B.; Herlicoviez, D.; Read, M.; Leporrier, N.; Schaeffer, S.; Mouadil, A.; Lombès, A.;
Chapon, F.; Jauzac, P.; et al. A novel mutation 3090 G > A of the mitochondrial 16S ribosomal RNA associated
with myopathy. Biochem. Biophys. Res. Commun. 2007, 362, 601–605. [CrossRef] [PubMed]
Liu, Z.; Song, Y.; Li, D.; He, X.; Li, S.; Wu, B.; Wang, W.; Gu, S.; Zhu, X.; Wang, X.; et al. The novel
mitochondrial 16S rRNA 2336T > C mutation is associated with hypertrophic cardiomyopathy. J. Med. Genet.
2014, 51, 176–184. [CrossRef] [PubMed]
Reichart, G.; Mayer, J.; Tokay, T.; Lange, F.; Johne, C.; Baltrusch, S.; Tiedge, M.; Fuellen, G.;
Ibrahim, S.; Köhling, R. Combination of mitochondrial tRNA and OXPHOS mutation reduces lifespan and
physical condition in aged mice. bioRxiv 2017, 233593. [CrossRef]
Filograna, R.; Koolmeister, C.; Upadhyay, M.; Pajak, A.; Clemente, P.; Wibom, R.; Simard, M.L.; Wredenberg, A.;
Freyer, C.; Stewart, J.B.; et al. Modulation of mtDNA copy number ameliorates the pathological consequences
of a heteroplasmic mtDNA mutation in the mouse. Sci. Adv. 2019, 5, eaav9824. [CrossRef] [PubMed]
Samuels, D.C.; Li, C.; Li, B.; Song, Z.; Torstenson, E.; Clay, H.B.; Rokas, A.; Thornton-Wells, T.A.; Moore, J.H.;
Hughes, T.M.; et al. Recurrent Tissue-Specific mtDNA Mutations Are Common in Humans. PLoS Genet.
2013, 9, e1003929. [CrossRef] [PubMed]
Wong, A.; Cavelier, L.; Collins-Schramm, H.E.; Seldin, M.F.; McGrogan, M.; Savontaus, M.-L.; Cortopassi, G.A.
Differentiation-specific effects of LHON mutations introduced into neuronal NT2 cells. Hum. Mol. Genet.
2002, 11, 431–438. [CrossRef] [PubMed]
Snezhkina, A.V.; Kudryavtseva, A.V.; Kardymon, O.L.; Savvateeva, M.V.; Melnikova, N.V.; Krasnov, G.S.;
Dmitriev, A.A. ROS Generation and Antioxidant Defense Systems in Normal and Malignant Cells. Oxid. Med.
Cell. Longev. 2019, 2019, 6175804. [CrossRef] [PubMed]
Pisoschi, A.M.; Pop, A. The role of antioxidants in the chemistry of oxidative stress: A review. Eur. J.
Med. Chem. 2015, 97, 55–74. [CrossRef] [PubMed]
Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11, 298–300.
[CrossRef] [PubMed]
Harman, D. The biologic clock: The mitochondria? J. Am. Geriatr. Soc. 1972, 20, 145–147. [CrossRef] [PubMed]
Cand, F.; Verdetti, J. Superoxide dismutase, glutathione peroxidase, catalase, and lipid peroxidation in the
major organs of the aging rats. Free Radic. Biol. Med. 1989, 7, 59–63. [CrossRef]
Lewis, K.N.; Andziak, B.; Yang, T.; Buffenstein, R. The naked mole-rat response to oxidative stress: Just deal
with it. Antioxid. Redox Signal. 2013, 19, 1388–1399. [CrossRef] [PubMed]
Yang, W.; Li, J.; Hekimi, S. A Measurable increase in oxidative damage due to reduction in superoxide
detoxification fails to shorten the life span of long-lived mitochondrial mutants of Caenorhabditis elegans.
Genetics 2007, 177, 2063–2074. [CrossRef] [PubMed]
Van Raamsdonk, J.M.; Hekimi, S. Superoxide dismutase is dispensable for normal animal lifespan. Proc. Natl.
Acad. Sci. USA 2012, 109, 5785–5790. [CrossRef]
Doonan, R.; McElwee, J.J.; Matthijssens, F.; Walker, G.A.; Houthoofd, K.; Back, P.; Matscheski, A.;
Vanfleteren, J.R.; Gems, D. Against the oxidative damage theory of aging: Superoxide dismutases protect
against oxidative stress but have little or no effect on life span in Caenorhabditis elegans. Genes Dev. 2008,
22, 3236–3241. [CrossRef]
Ristow, M.; Schmeisser, S. Extending life span by increasing oxidative stress. Free Radic. Biol. Med. 2011,
51, 327–336. [CrossRef]
Yang, W.; Hekimi, S. A mitochondrial superoxide signal triggers increased longevity in Caenorhabditis elegans.
PLoS Biol. 2010, 8, e1000556. [CrossRef]
Yang, W.; Hekimi, S. Two modes of mitochondrial dysfunction lead independently to lifespan extension in
Caenorhabditis elegans. Aging Cell 2010, 9, 433–447. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

45 of 50

299. Schulz, T.J.; Zarse, K.; Voigt, A.; Urban, N.; Birringer, M.; Ristow, M. Glucose restriction extends Caenorhabditis
elegans life span by inducing mitochondrial respiration and increasing oxidative stress. Cell Metab. 2007,
6, 280–293. [CrossRef]
300. Barja, G. The mitochondrial free radical theory of aging. Prog. Mol. Biol. Transl. Sci. 2014, 127, 1–27.
301. Barja, G. Towards a unified mechanistic theory of aging. Exp. Gerontol. 2019, 124, 110627. [CrossRef]
302. Fouquerel, E.; Barnes, R.P.; Uttam, S.; Watkins, S.C.; Bruchez, M.P.; Opresko, P.L. Targeted and Persistent
8-Oxoguanine Base Damage at Telomeres Promotes Telomere Loss and Crisis. Mol. Cell 2019, 75, 117–130.e6.
[CrossRef] [PubMed]
303. Passos, J.F.; Saretzki, G.; Ahmed, S.; Nelson, G.; Richter, T.; Peters, H.; Wappler, I.; Birket, M.J.;
Harold, G.; Schaeuble, K.; et al. Mitochondrial dysfunction accounts for the stochastic heterogeneity
in telomere-dependent senescence. PLoS Biol. 2007, 5, e110. [CrossRef] [PubMed]
304. Ahlqvist, K.J.; Hamalainen, R.H.; Yatsuga, S.; Uutela, M.; Terzioglu, M.; Gotz, A.; Forsstrom, S.; Salven, P.;
Angers-Loustau, A.; Kopra, O.H.; et al. Somatic progenitor cell vulnerability to mitochondrial DNA
mutagenesis underlies progeroid phenotypes in Polg mutator mice. Cell Metab. 2012, 15, 100–109.
[CrossRef] [PubMed]
305. Dai, D.F.; Chen, T.; Wanagat, J.; Laflamme, M.; Marcinek, D.J.; Emond, M.J.; Ngo, C.P.; Prolla, T.A.;
Rabinovitch, P.S. Age-dependent cardiomyopathy in mitochondrial mutator mice is attenuated by
overexpression of catalase targeted to mitochondria. Aging Cell 2010, 9, 536–544. [CrossRef] [PubMed]
306. Pinto, M.; Pickrell, A.M.; Wang, X.; Bacman, S.R.; Yu, A.; Hida, A.; Dillon, L.M.; Morton, P.D.; Malek, T.R.;
Williams, S.L.; et al. Transient mitochondrial DNA double strand breaks in mice cause accelerated aging
phenotypes in a ROS-dependent but p53/p21-independent manner. Cell Death Differ. 2017, 24, 288–299. [CrossRef]
307. Bazopoulou, D.; Knoefler, D.; Zheng, Y.; Ulrich, K.; Oleson, B.J.; Xie, L.; Kim, M.; Kaufmann, A.; Lee, Y.T.;
Dou, Y.; et al. Developmental ROS individualizes organismal stress resistance and lifespan. Nature 2019,
576, 301–305. [CrossRef]
308. Tapia, P.C. Sublethal mitochondrial stress with an attendant stoichiometric augmentation of reactive oxygen
species may precipitate many of the beneficial alterations in cellular physiology produced by caloric
restriction, intermittent fasting, exercise and dietary phytonutrients: “Mitohormesis” for health and vitality.
Med. Hypotheses 2006, 66, 832–843.
309. Van Zant, G.; Liang, Y. The role of stem cells in aging. Exp. Hematol. 2003, 31, 659–672. [CrossRef]
310. Anso, E.; Weinberg, S.E.; Diebold, L.P.; Thompson, B.J.; Malinge, S.; Schumacker, P.T.; Liu, X.; Zhang, Y.;
Shao, Z.; Steadman, M.; et al. The mitochondrial respiratory chain is essential for haematopoietic stem cell
function. Nat. Cell Biol. 2017, 19, 614–625. [CrossRef]
311. Khacho, M.; Clark, A.; Svoboda, D.S.; Azzi, J.; MacLaurin, J.G.; Meghaizel, C.; Sesaki, H.; Lagace, D.C.;
Germain, M.; Harper, M.E.; et al. Mitochondrial Dynamics Impacts Stem Cell Identity and Fate Decisions by
Regulating a Nuclear Transcriptional Program. Cell Stem Cell 2016, 19, 232–247. [CrossRef] [PubMed]
312. Mohrin, M.; Shin, J.; Liu, Y.; Brown, K.; Luo, H.; Xi, Y.; Haynes, C.M.; Chen, D. Stem cell aging. A mitochondrial
UPR-mediated metabolic checkpoint regulates hematopoietic stem cell aging. Science 2015, 347, 1374–1377.
[CrossRef] [PubMed]
313. Williams, N.C.; O’Neill, L.A.J. A Role for the Krebs Cycle Intermediate Citrate in Metabolic Reprogramming
in Innate Immunity and Inflammation. Front. Immunol. 2018, 9, 141. [CrossRef] [PubMed]
314. Tan, D.Q.; Suda, T. Reactive Oxygen Species and Mitochondrial Homeostasis as Regulators of Stem Cell Fate
and Function. Antioxid. Redox Signal. 2018, 29, 149–168. [CrossRef] [PubMed]
315. Zhang, H.; Menzies, K.J.; Auwerx, J. The role of mitochondria in stem cell fate and aging. Development 2018, 145.
[CrossRef] [PubMed]
316. Wiley, C.D.; Campisi, J. From Ancient Pathways to Aging Cells-Connecting Metabolism and Cellular Senescence.
Cell Metab. 2016, 23, 1013–1021. [CrossRef] [PubMed]
317. Rufini, A.; Tucci, P.; Celardo, I.; Melino, G. Senescence and aging: The critical roles of p53. Oncogene 2013,
32, 5129–5143. [CrossRef]
318. Jacobs, J.J.; de Lange, T. Significant role for p16INK4a in p53-independent telomere-directed senescence.
Curr. Biol. 2004, 14, 2302–2308. [CrossRef]
319. Prattichizzo, F.; Giuliani, A.; Recchioni, R.; Bonafè, M.; Marcheselli, F.; De Carolis, S.; Campanati, A.;
Giuliodori, K.; Rippo, M.R.; Brugè, F.; et al. Anti-TNF-α treatment modulates SASP and SASP-related
microRNAs in endothelial cells and in circulating angiogenic cells. Oncotarget 2016, 7, 11945–11958. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

46 of 50

320. Rea, I.M.; Gibson, D.S.; McGilligan, V.; McNerlan, S.E.; Alexander, H.D.; Ross, O.A. Age and Age-Related
Diseases: Role of Inflammation Triggers and Cytokines. Front. Immunol. 2018, 9, 586. [CrossRef]
321. Hernandez-Segura, A.; Brandenburg, S.; Demaria, M. Induction and Validation of Cellular Senescence in
Primary Human Cells. J. Vis. Exp. 2018, 136, 55782. [CrossRef] [PubMed]
322. Millerand, M.; Berenbaum, F.; Jacques, C. Danger signals and inflammaging in osteoarthritis. Clin. Exp. Rheumatol.
2019, 3, 48–56.
323. Nie, L.; Zhang, P.; Wang, Q.; Zhou, X.; Wang, Q. lncRNA—Triggered Macrophage Inflammaging Deteriorates
Age-Related Diseases. Mediat. Inflamm. 2019, 2019, 4260309. [CrossRef] [PubMed]
324. Yoon, Y.S.; Byun, H.O.; Cho, H.; Kim, B.K.; Yoon, G. Complex II defect via down-regulation of
iron-sulfur subunit induces mitochondrial dysfunction and cell cycle delay in iron chelation-induce
senescence—Associated growth arrest. J. Biol. Chem. 2003, 278, 51577–51586. [CrossRef] [PubMed]
325. Passos, J.F.; Nelson, G.; Wang, C.; Richter, T.; Simillion, C.; Proctor, C.J.; Miwa, S.; Olijslagers, S.; Hallinan, J.;
Wipat, A.; et al. Feedback between p21 and reactive oxygen production is necessary for cell senescence.
Mol. Syst. Biol. 2010, 6, 347. [CrossRef] [PubMed]
326. Zheng, H.; Huang, Q.; Huang, S.; Yang, X.; Zhu, T.; Wang, W.; Wang, H.; He, S.; Ji, L.; Wang, Y.; et al.
Senescence Inducer Shikonin ROS-Dependently Suppressed Lung Cancer Progression. Front. Pharmacol.
2018, 9, 519. [CrossRef] [PubMed]
327. Aarreberg, L.D.; Esser-Nobis, K.; Driscoll, C.; Shuvarikov, A.; Roby, J.A.; Gale, M., Jr. Interleukin-1beta Induces
mtDNA Release to Activate Innate Immune Signaling via cGAS-STING. Mol. Cell 2019, 74, 801–815.e6. [CrossRef]
328. Hajizadeh, S.; DeGroot, J.; TeKoppele, J.M.; Tarkowski, A.; Collins, L.V. Extracellular mitochondrial DNA
and oxidatively damaged DNA in synovial fluid of patients with rheumatoid arthritis. Arthritis Res. Ther.
2003, 5, R234–R240. [CrossRef]
329. Pinti, M.; Cevenini, E.; Nasi, M.; De Biasi, S.; Salvioli, S.; Monti, D.; Benatti, S.; Gibellini, L.;
Cotichini, R.; Stazi, M.A.; et al. Circulating mitochondrial DNA increases with age and is a familiar trait:
Implications for “inflamm-aging”. Eur. J. Immunol. 2014, 44, 1162–1552. [CrossRef]
330. Jylhava, J.; Nevalainen, T.; Marttila, S.; Jylha, M.; Hervonen, A.; Hurme, M. Characterization of the role
of distinct plasma cell-free DNA species in age-associated inflammation and frailty. Aging Cell 2013,
12, 388–397. [CrossRef]
331. Youle, R.J.; Narendra, D.P. Mechanisms of mitophagy. Nat. Rev. Mol. Cell Biol. 2011, 12, 9–14. [CrossRef] [PubMed]
332. Deczkowska, A.; Schwartz, M. NIX-ing mitochondria: From development to pathology. EMBO J. 2017,
36, 1650–1652. [CrossRef] [PubMed]
333. Schweers, R.L.; Zhang, J.; Randall, M.S.; Loyd, M.R.; Li, W.; Dorsey, F.C.; Kundu, M.; Opferman, J.T.;
Cleveland, J.L.; Miller, J.L.; et al. NIX is required for programmed mitochondrial clearance during
reticulocyte maturation. Proc. Natl. Acad. Sci. USA 2007, 104, 19500–195055. [CrossRef] [PubMed]
334. Kundu, M.; Lindsten, T.; Yang, C.Y.; Wu, J.; Zhao, F.; Zhang, J.; Selak, M.A.; Ney, P.A.; Thompson, C.B.
Ulk1 plays a critical role in the autophagic clearance of mitochondria and ribosomes during reticulocyte maturation.
Blood 2008, 112, 1493–1502. [CrossRef]
335. Sato, M.; Sato, K. Degradation of paternal mitochondria by fertilization-triggered autophagy in C.
elegans embryos. Science 2011, 334, 1141–1144. [CrossRef]
336. Rojansky, R.; Cha, M.Y.; Chan, D.C. Elimination of paternal mitochondria in mouse embryos occurs through
autophagic degradation dependent on PARKIN and MUL1. Elife 2016, 5, e17896. [CrossRef]
337. Valente, E.M.; Abou-Sleiman, P.M.; Caputo, V.; Muqit, M.M.; Harvey, K.; Gispert, S.; Ali, Z.; Del Turco, D.;
Bentivoglio, A.R.; Healy, D.G.; et al. Hereditary early-onset Parkinson’s disease caused by mutations
in PINK1. Science 2004, 304, 1158–1160. [CrossRef]
338. Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.;
Mizuno, Y.; Shimizu, N. Mutations in the parkin gene cause autosomal recessive juvenile parkinsonism.
Nature 1998, 392, 605–608. [CrossRef]
339. Lazarou, M.; Jin, S.M.; Kane, L.A.; Youle, R.J. Role of PINK1 binding to the TOM complex and alternate intracellular
membranes in recruitment and activation of the E3 ligase Parkin. Dev. Cell 2012, 22, 320–333. [CrossRef]
340. Jin, S.M.; Youle, R.J. The accumulation of misfolded proteins in the mitochondrial matrix is sensed by PINK1 to
induce PARK2/Parkin-mediated mitophagy of polarized mitochondria. Autophagy 2013, 9, 1750–1757. [CrossRef]
341. Lazarou, M.; Sliter, D.A.; Kane, L.A.; Sarraf, S.A.; Wang, C.; Burman, J.L.; Sideris, D.P.; Fogel, A.I.; Youle, R.J.
The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy. Nature 2015, 524, 309–314. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

47 of 50

342. Lazarou, M.; Narendra, D.P.; Jin, S.M.; Tekle, E.; Banerjee, S.; Youle, R.J. PINK1 drives Parkin
self-association and HECT-like E3 activity upstream of mitochondrial binding. J. Cell Biol. 2013,
200, 163–172. [CrossRef] [PubMed]
343. Kane, L.A.; Lazarou, M.; Fogel, A.I.; Li, Y.; Yamano, K.; Sarraf, S.A.; Banerjee, S.; Youle, R.J.
PINK1 phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity. J. Cell Biol. 2014, 205, 143–153.
[CrossRef] [PubMed]
344. Kazlauskaite, A.; Kondapalli, C.; Gourlay, R.; Campbell, D.G.; Ritorto, M.S.; Hofmann, K.; Alessi, D.R.;
Knebel, A.; Trost, M.; Muqit, M.M. Parkin is activated by PINK1-dependent phosphorylation of ubiquitin
At Ser65. Biochem. J. 2014, 460, 127–139. [CrossRef] [PubMed]
345. Kondapalli, C.; Kazlauskaite, A.; Zhang, N.; Woodroof, H.I.; Campbell, D.G.; Gourlay, R.; Burchell, L.;
Walden, H.; Macartney, T.J.; Deak, M.; et al. PINK1 is activated by mitochondrial membrane potential
depolarization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65. Open Biol. 2012,
2, 120080. [CrossRef] [PubMed]
346. Ordureau, A.; Sarraf, S.A.; Duda, D.M.; Heo, J.M.; Jedrychowski, M.P.; Sviderskiy, V.O.; Olszewski, J.L.;
Koerber, J.T.; Xie, T.; Beausoleil, S.A.; et al. Quantitative proteomics reveal a feedforward mechanism
for mitochondrial PARKIN translocation and ubiquitin chain synthesis. Mol. Cell 2014, 56, 360–375.
[CrossRef] [PubMed]
347. Ordureau, A.; Paulo, J.A.; Zhang, W.; Ahfeldt, T.; Zhang, J.; Cohn, E.F.; Hou, Z.; Heo, J.M.; Rubin, L.L.;
Sidhu, S.S.; et al. Dynamics of PARKIN-Dependent Mitochondrial Ubiquitylation in Induced Neurons and
Model Systems Revealed by Digital Snapshot Proteomics. Mol. Cell 2018, 70, 211–227.e8. [CrossRef] [PubMed]
348. Twig, G.; Elorza, A.; Molina, A.J.; Mohamed, H.; Wikstrom, J.D.; Walzer, G.; Stiles, L.; E Haigh, S.; Katz, S.;
Las, G.; et al. Fission and selective fusion govern mitochondrial segregation and elimination by autophagy.
EMBO J. 2008, 27, 433–446. [CrossRef]
349. Abeliovich, H.; Zarei, M.; Rigbolt, K.T.; Youle, R.J.; Dengjel, J. Involvement of mitochondrial dynamics in
the segregation of mitochondrial matrix proteins during stationary phase mitophagy. Nat. Commun. 2013,
4, 2789. [CrossRef]
350. Sun, N.; Yun, J.; Liu, J.; Malide, D.; Liu, C.; Rovira, I.I.; Holmstrom, K.M.; Fergusson, M.M.; Yoo, Y.H.;
Combs, C.A.; et al. Measuring In Vivo Mitophagy. Mol. Cell 2015, 60, 685–696. [CrossRef]
351. McWilliams, T.G.; Prescott, A.R.; Allen, G.F.; Tamjar, J.; Munson, M.J.; Thomson, C.; Muqit, M.M.; Ganley, I.G.
mito-QC illuminates mitophagy and mitochondrial architecture in vivo. J. Cell Biol. 2016, 214, 333–345. [CrossRef]
352. McWilliams, T.G.; Prescott, A.R.; Montava-Garriga, L.; Ball, G.; Singh, F.; Barini, E.; Muqit, M.M.K.;
Brooks, S.P.; Ganley, I.G. Basal Mitophagy Occurs Independently of PINK1 in Mouse Tissues of High
Metabolic Demand. Cell Metab. 2018, 27, 439–449.e5. [CrossRef] [PubMed]
353. Pickrell, A.M.; Huang, C.H.; Kennedy, S.R.; Ordureau, A.; Sideris, D.P.; Hoekstra, J.G.; Harper, J.W.; Youle, R.J.
Endogenous Parkin Preserves Dopaminergic Substantia Nigral Neurons following Mitochondrial DNA
Mutagenic Stress. Neuron 2015, 87, 371–381. [CrossRef] [PubMed]
354. Todd, A.M.; Staveley, B.E. Expression of Pink1 with alpha-synuclein in the dopaminergic neurons of
Drosophila leads to increases in both lifespan and healthspan. Genet. Mol. Res. 2012, 11, 1497–1502.
[CrossRef] [PubMed]
355. Rana, A.; Rera, M.; Walker, D.W. Parkin overexpression during aging reduces proteotoxicity, alters
mitochondrial dynamics, and extends lifespan. Proc. Natl. Acad. Sci. USA 2013, 110, 8638–8643. [CrossRef]
356. Yang, W.; Liu, Y.; Tu, Z.; Xiao, C.; Yan, S.; Ma, X.; Guo, X.; Chen, X.; Yin, P.; Yang, Z.; et al.
CRISPR/Cas9-mediated PINK1 deletion leads to neurodegeneration in rhesus monkeys. Cell Res. 2019,
29, 334–336. [CrossRef]
357. Yang, W.; Li, S.; Li, X.J. A CRISPR monkey model unravels a unique function of PINK1 in primate brains.
Mol. Neurodegener. 2019, 14, 17. [CrossRef]
358. Hoshino, A.; Mita, Y.; Okawa, Y.; Ariyoshi, M.; Iwai-Kanai, E.; Ueyama, T.; Ikeda, K.; Ogata, T.; Matoba, S.
Cytosolic p53 inhibits Parkin-mediated mitophagy and promotes mitochondrial dysfunction in the
mouse heart. Nat. Commun. 2013, 4, 2308. [CrossRef]
359. Garcia-Prat, L.; Munoz-Canoves, P.; Martinez-Vicente, M. Dysfunctional autophagy is a driver of muscle stem
cell functional decline with aging. Autophagy 2016, 12, 612–613. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 7580

48 of 50

360. Drummond, M.J.; Addison, O.; Brunker, L.; Hopkins, P.N.; McClain, D.A.; LaStayo, P.C.; Marcus, R.L.
Downregulation of E3 ubiquitin ligases and mitophagy-related genes in skeletal muscle of physically inactive,
frail older women: A cross-sectional comparison. J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 1040–1048. [CrossRef]
361. Rana, A.; Oliveira, M.P.; Khamoui, A.V.; Aparicio, R.; Rera, M.; Rossiter, H.B.; Walker, D.W. Promoting
Drp1-mediated mitochondrial fission in midlife prolongs healthy lifespan of Drosophila melanogaster.
Nat. Commun. 2017, 8, 448. [CrossRef] [PubMed]
362. Schiavi, A.; Maglioni, S.; Palikaras, K.; Shaik, A.; Strappazzon, F.; Brinkmann, V.; Torgovnick, A.; Castelein, N.;
De Henau, S.; Braeckman, B.P.; et al. Iron-Starvation-Induced Mitophagy Mediates Lifespan Extension upon
Mitochondrial Stress in C. elegans. Curr. Biol. 2015, 25, 1810–1822. [CrossRef] [PubMed]
363. Palikaras, K.; Lionaki, E.; Tavernarakis, N. Coordination of mitophagy and mitochondrial biogenesis during
ageing in C. elegans. Nature 2015, 521, 525–528. [CrossRef] [PubMed]
364. Eisenberg, T.; Knauer, H.; Schauer, A.; Buttner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, J.;
Schroeder, S.; Magnes, C.; Antonacci, L.; et al. Induction of autophagy by spermidine promotes longevity.
Nat. Cell Biol. 2009, 11, 1305–1314. [CrossRef] [PubMed]
365. LaRocca, T.J.; Gioscia-Ryan, R.A.; Hearon, C.M., Jr.; Seals, D.R. The autophagy enhancer spermidine reverses
arterial aging. Mech. Ageing Dev. 2013, 134, 314–320. [CrossRef]
366. Morselli, E.; Maiuri, M.C.; Markaki, M.; Megalou, E.; Pasparaki, A.; Palikaras, K.; Criollo, A.; Galluzzi, L.;
Malik, S.A.; Vitale, I.; et al. Caloric restriction and resveratrol promote longevity through the Sirtuin-1-dependent
induction of autophagy. Cell Death Dis. 2010, 1, e10. [CrossRef]
367. Ryu, D.; Mouchiroud, L.; Andreux, P.A.; Katsyuba, E.; Moullan, N.; Nicolet-Dit-Felix, A.A.; Williams, E.G.;
Jha, P.; Lo Sasso, G.; Huzard, D.; et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans
and increases muscle function in rodents. Nat. Med. 2016, 22, 879–888. [CrossRef]
368. Andreux, P.A.; Blanco-Bose, W.; Ryu, D.; Burdet, F.; Ibberson, M.; Aebischer, P.; Auwerx, J.; Singh, A.; Rinsch, C.
The mitophagy activator urolithin A is safe and induces a molecular signature of improved mitochondrial
and cellular health in humans. Nat Metab. 2019, 1, 595–603. [CrossRef]
369. Fang, E.F.; Scheibye-Knudsen, M.; Jahn, H.J.; Li, J.; Ling, L.; Guo, H.; Zhu, X.; Preedy, V.; Lu, H.; Bohr, V.A.; et al.
A research agenda for aging in China in the 21st century. Ageing Res. Rev. 2015, 24, 197–205. [CrossRef]
370. Hengst, J.A.; Dick, T.E.; Sharma, A.; Doi, K.; Hegde, S.; Tan, S.F.; Geffert, L.M.; Fox, T.E.; Sharma, A.K.;
Desai, D.; et al. SKI-A Multitargeted Inhibitor of Sphingosine Kinase and Microtubule Dynamics Demonstrating
Therapeutic Efficacy in Acute Myeloid Leukemia Models. Cancer Transl. Med. 2017, 3, 109–121.
371. Loson, O.C.; Song, Z.; Chen, H.; Chan, D.C. Fis1, Mff, MiD49, and MiD51 mediate Drp1 recruitment in
mitochondrial fission. Mol. Biol. Cell 2013, 24, 659–667. [CrossRef] [PubMed]
372. Liu, R.; Chan, D.C. The mitochondrial fission receptor Mff selectively recruits oligomerized Drp1. Mol. Biol. Cell
2015, 26, 4466–4477. [CrossRef] [PubMed]
373. Tondera, D.; Czauderna, F.; Paulick, K.; Schwarzer, R.; Kaufmann, J.; Santel, A. The mitochondrial
protein MTP18 contributes to mitochondrial fission in mammalian cells. J. Cell Sci. 2005, 118, 3049–3059.
[CrossRef] [PubMed]
374. Hall, A.R.; Burke, N.; Dongworth, R.K.; Hausenloy, D.J. Mitochondrial fusion and fission proteins:
Novel therapeutic targets for combating cardiovascular disease. Br. J. Pharmacol. 2014, 171, 1890–1906.
[CrossRef] [PubMed]
375. Byrne, J.J.; Soh, M.S.; Chandhok, G.; Vijayaraghavan, T.; Teoh, J.S.; Crawford, S.; Cobham, A.E.; Yapa, N.M.B.;
Mirth, C.K.; Neumann, B. Disruption of mitochondrial dynamics affects behaviour and lifespan in
Caenorhabditis elegans. Cell Mol. Life Sci. 2019, 76, 1967–1985. [CrossRef] [PubMed]
376. Bernhardt, D.; Müller, M.; Reichert, A.S.; Osiewacz, H.D. Simultaneous impairment of mitochondrial fission
and fusion reduces mitophagy and shortens replicative lifespan. Sci. Rep. 2015, 5, 7885. [CrossRef]
377. Leduc-Gaudet, J.P.; Picard, M.; St-Jean Pelletier, F.; Sgarioto, N.; Auger, M.J.; Vallee, J.; Robitaille, R.;
St-Pierre, D.H.; Gouspillou, G. Mitochondrial morphology is altered in atrophied skeletal muscle of aged
mice. Oncotarget 2015, 6, 17923–17937. [CrossRef] [PubMed]
378. Joshi, A.U.; Saw, N.L.; Shamloo, M.; Mochly-Rosen, D. Drp1/Fis1 interaction mediates mitochondrial dysfunction,
bioenergetic failure and cognitive decline in Alzheimer’s disease. Oncotarget 2017, 9, 6128–6143. [CrossRef]
379. Haileselassie, B.; Mukherjee, R.; Joshi, A.U.; Napier, B.A.; Massis, L.M.; Ostberg, N.P.; Queliconi, B.B.;
Monack, D.; Bernstein, D.; Mochly-Rosen, D. Drp1/Fis1 interaction mediates mitochondrial dysfunction in
septic cardiomyopathy. J. Mol. Cell Cardiol. 2019, 130, 160–169. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 7580

49 of 50

380. Joshi, A.U.; Saw, N.L.; Vogel, H.; Cunnigham, A.D.; Shamloo, M.; Mochly-Rosen, D. Inhibition of
Drp1/Fis1 interaction slows progression of amyotrophic lateral sclerosis. EMBO Mol. Med. 2018, 10, e8166.
[CrossRef] [PubMed]
381. Joshi, A.U.; Ebert, A.E.; Haileselassie, B.; Mochly-Rosen, D. Drp1/Fis1-mediated mitochondrial fragmentation
leads to lysosomal dysfunction in cardiac models of Huntington’s disease. J. Mol. Cell Cardiol. 2019,
127, 125–133. [CrossRef] [PubMed]
382. Zhang, Y.; Feng, J.; Wang, Q.; Zhao, S.; Yang, S.; Tian, L.; Meng, P.; Li, J.; Li, H. Hyperglycaemia Stress-Induced
Renal Injury is Caused by Extensive Mitochondrial Fragmentation, Attenuated MKP1 Signalling, and
Activated JNK-CaMKII-Fis1 Biological Axis. Cell. Physiol. Biochem. 2018, 51, 1778–1798. [CrossRef]
383. Zhang, Z.; Sliter, D.A.; Bleck, C.K.E.; Ding, S. Fis1 deficiencies differentially affect mitochondrial quality in
skeletal muscle. Mitochondrion 2019, 49, 217–226. [CrossRef] [PubMed]
384. Zhou, J.; Shi, M.; Li, M.; Cheng, L.; Yang, J.; Huang, X. Sirtuin 3 inhibition induces mitochondrial stress in
tongue cancer by targeting mitochondrial fission and the JNK-Fis1 biological axis. Cell Stress Chaperones 2019,
24, 369–383. [CrossRef] [PubMed]
385. Xian, H.; Yang, Q.; Xiao, L.; Shen, H.-M.; Liou, Y.-C. STX17 dynamically regulated by Fis1 induces mitophagy
via hierarchical macroautophagic mechanism. Nat. Commun. 2019, 10, 2059. [CrossRef] [PubMed]
386. D’Amico, D.; Mottis, A.; Potenza, F.; Sorrentino, V.; Li, H.; Romani, M.; Lemos, V.; Schoonjans, K.;
Zamboni, N.; Knott, G.; et al. The RNA-Binding Protein PUM2 Impairs Mitochondrial Dynamics and
Mitophagy During Aging. Mol. Cell 2019, 73, 775–787.e10. [CrossRef]
387. Navratil, M.; Terman, A.; Arriaga, E.A. Giant mitochondria do not fuse and exchange their contents with
normal mitochondria. Exp. Cell Res. 2008, 314, 164–172. [CrossRef]
388. Tezze, C.; Romanello, V.; Desbats, M.A.; Fadini, G.P.; Albiero, M.; Favaro, G.; Ciciliot, S.; Soriano, M.E.;
Morbidoni, V.; Cerqua, C.; et al. Age-Associated Loss of OPA1 in Muscle Impacts Muscle Mass, Metabolic
Homeostasis, Systemic Inflammation, and Epithelial Senescence. Cell Metab. 2017, 25, 1374–1389.e6. [CrossRef]
389. Mai, S.; Klinkenberg, M.; Auburger, G.; Bereiter-Hahn, J.; Jendrach, M. Decreased expression of Drp1
and Fis1 mediates mitochondrial elongation in senescent cells and enhances resistance to oxidative stress
through PINK1. J. Cell Sci. 2010, 123, 917–926. [CrossRef]
390. Sebastian, D.; Sorianello, E.; Segales, J.; Irazoki, A.; Ruiz-Bonilla, V.; Sala, D.; Planet, E.; Berenguer-Llergo, A.;
Munoz, J.P.; Sanchez-Feutrie, M.; et al. Mfn2 deficiency links age-related sarcopenia and impaired autophagy
to activation of an adaptive mitophagy pathway. EMBO J. 2016, 35, 1677–1693. [CrossRef]
391. Song, M.; Franco, A.; Fleischer, J.A.; Zhang, L.; Dorn, G.W. 2nd, Abrogating Mitochondrial Dynamics in
Mouse Hearts Accelerates Mitochondrial Senescence. Cell Metab. 2017, 26, 872–883.e5. [CrossRef] [PubMed]
392. Liesa, M.; Shirihai, O.S. Mitochondrial dynamics in the regulation of nutrient utilization and energy
expenditure. Cell Metab. 2013, 17, 491–506. [CrossRef] [PubMed]
393. Malena, A.; Loro, E.; Di Re, M.; Holt, I.J.; Vergani, L. Inhibition of mitochondrial fission favours mutant over
wild-type mitochondrial DNA. Hum. Mol. Genet. 2009, 18, 3407–3416. [CrossRef] [PubMed]
394. Kojima, R.; Kakimoto, Y.; Furuta, S.; Itoh, K.; Sesaki, H.; Endo, T.; Tamura, Y. Maintenance of Cardiolipin and
Crista Structure Requires Cooperative Functions of Mitochondrial Dynamics and Phospholipid Transport.
Cell Rep. 2019, 26, 518–528.e6. [CrossRef]
395. Partikian, A.; Olveczky, B.; Swaminathan, R.; Li, Y.; Verkman, A.S. Rapid diffusion of green fluorescent
protein in the mitochondrial matrix. J. Cell Biol. 1998, 140, 821–829. [CrossRef]
396. Legros, F.; Malka, F.; Frachon, P.; Lombes, A.; Rojo, M. Organization and dynamics of human
mitochondrial DNA. J. Cell Sci. 2004, 117, 2653–2662. [CrossRef]
397. Mouli, P.K.; Twig, G.; Shirihai, O.S. Frequency and selectivity of mitochondrial fusion are key to its quality
maintenance function. Biophys. J. 2009, 96, 3509–3518. [CrossRef]
398. Terman, A.; Kurz, T.; Navratil, M.; Arriaga, E.A.; Brunk, U.T. Mitochondrial turnover and aging of
long-lived postmitotic cells: The mitochondrial-lysosomal axis theory of aging. Antioxid. Redox Signal. 2010,
12, 503–535. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

