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Abstract

Background: Mitochondrial dysfunction has long been considered a major contributor to aging
and age-related diseases. Harman’s Mitochondrial Free Radical Theory of Aging postulated
that somatic mitochondrial DNA mutations that accumulate over the life span cause excessive
production of reactive oxygen species that damage macromolecules and impair cell and tissue
function. Indeed, studies have shown that maximal oxidative capacity declines with age while
reactive oxygen species production increases. Harman'’s hypothesis has been seriously challenged
by recent studies showing that reactive oxygen species evoke metabolic health and longevity,
perhaps through hormetic mechanisms that include autophagy. The purpose of this review is to
scan the ever-growing literature on mitochondria from the perspective of aging research and try to
identify priority questions that should be addressed in future research.

Methods: A systematic search of peer-reviewed studies was performed using PubMed. Search
terms included (i) mitochondria or mitochondrial; (ii) aging, ageing, older adults or elderly;
and (iii) reactive oxygen species, mitochondria dynamics, mitochondrial proteostasis, cytosol,
mitochondrial-associated membranes, redox homeostasis, electron transport chain, electron
transport chain efficiency, epigenetic regulation, DNA heteroplasmy.

Results: The importance of mitochondrial biology as a trait d'union between the basic biology of
aging and the pathogenesis of age-related diseases is stronger than ever, although the emphasis
has moved from reactive oxygen species production to other aspects of mitochondrial physiology,
including mitochondrial biogenesis and turnover, energy sensing, apoptosis, senescence, and
calcium dynamics.

Conclusions: Mitochondria could play a key role in the pathophysiology of aging or in the earlier
stages of some events that lead to the aging phenotype. Therefore, mitochondria will increasingly
be targeted to prevent and treat chronic diseases and to promote healthy aging.
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Mitochondria are ubiquitous, intracellular organelles involved in
metabolic processes essential for production of the high-energy
molecule adenosine triphosphate. About 1.5 billion years ago, mito-
chondria and eukaryotic cells established a symbiotic relationship,
striking a deal that involved a full package of biological tasks, includ-
ing energy production but also cellular homeostasis, iron processing,
heme and steroid synthesis, apoptosis, and probably an array of bio-
logical tasks still to be uncovered. Mammalian mitochondria emerge
and function through the co-ordinated action of two genomes: (a)
Multiple copies of bacterial-like mitochondrial DNA (mtDNA) that
encode for 22 transfer RNAs, 2 ribosomal RNAs, and 13 proteins
implicated in oxidative phosphorylation, and (b) the nuclear genome
(nDNA) that encodes for about another 1,500 structural and func-
tional proteins. Evidence is emerging that defects in mitochondrial
function may lead to chronic diseases and organ involvement with
very heterogeneous clinical manifestations. In this review, we focus
on neuromuscular defects and other phenotypes that are considered
part of normal aging (1).

In Harman’s original free radical theory of aging, which was first
proposed in 1978, reactive oxygen species (ROS) generated during
aerobic metabolism can damage the mtDNA and proteins, thereby
leading to deterioration of cells, tissues and organs and, eventually,
the entire body. Over the years, the free-radical theory of aging has
been repeatedly challenged and refuted by a “tsunami” of data show-
ing that the mitochondrial function is a key to successful aging and
aging phenotypes in ways the Harman’s theory never anticipated.
As a result, the idea that mitochondria could play a central role in
aging and age-related diseases has been increasingly emphasized.
The purpose of this review is to scan the ever-growing literature on
mitochondria from the perspective of aging research and try to iden-
tify priority questions that should be addressed in future research.

Mitochondria and ROS Production

The mtDNA is particularly susceptible to oxidative damage because
of its proximity to free radical sources and the relative lack of a
protein scaffold. It is generally believed that ROS generated during
oxidative metabolism cause accumulation of mtDNA damage and
mutations leading to loss of fidelity in newly synthetized proteins
which ultimately impacts on mitochondria physiology, and may lead
to premature senescence and aging (2,3). In particular, clonal accu-
mulation of mtDNA deletion mutations is most important in fast
twitch glycolytic (type II) muscle fibers, which are the fibers pre-
dominantly lost with aging (4-6). Premature muscle aging has also
been observed in mice expressing a defective mtDNA polymerase
gamma (7), whereas a mouse model of targeted overexpression of
the human catalase gene in mitochondria exhibits a reduction in the
age-dependent loss of skeletal muscle function and an improvement
in Ca?* signaling in myocytes (8).

Progressive mitochondrial dysfunction is considered a hallmark
of aging (9,10), and impaired mitochondrial function causes an
accelerated aging phenotype, which is particularly evident in high
energy demanding tissues such as brain, heart, and skeletal mus-
cle, and in kidney and liver, two organs with essential metabolic
roles (5,11-13) (Figure 1). High levels of ROS cause macromolecu-
lar damage, whereas low levels of mitochondrial ROS production
enhance systemic defense mechanisms by inducing an adaptive, hor-
metic response (known as “mitohormesis”) that confers better stress
resistance and life-span extension in various animal models. Indeed,
induction of mild mitohormesis in muscle promotes longevity in
Drosophila via systemic repression of insulin signaling and preser-
vation of mitochondrial and muscle function (14). Similarly, met-
formin may prolong life span through similar mechanism (15). Thus,
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Figure 1. Tissue-specific oxygen consumption rate. Impaired mitochondrial
function may cause an accelerated aging phenotype mainly in high energy
demanding tissues such as brain, heart, and skeletal muscle, and in kidney
and liver, two organs with essential metabolic roles.

it appears that the production of low levels of ROS may activate
compensatory longevity-promoting signaling pathways. Excessive
ROS toxicity is avoided through a powerful antioxidant system that
scavenges ROS as they are generated. It is noteworthy that super-
oxide is scavenged by three superoxide dismutase isozymes: the
cytosolic SOD1 (Cu?*Zn**-SOD), mitochondrial SOD2 (Mn?*-SOD),
and extracellular SOD3. Deficiency of both SOD1 and SOD2 leads
to oxidative stress, but only SOD1 deficiency causes an accelerated
sarcopenic phenotype in mice (16). A mainstream theory to explain
mitohormesis is connected to uncoupling. Mitochondria generate
energy by creating a proton gradient across their inner membrane.
Some proteins of the inner mitochondrial membrane, such as the
uncoupling proteins and the adenine translocator (17,18), can leak
protons down the electrochemical gradient into the matrix and dis-
sipate energy as heat while minimizing ROS production. Incidentally,
brown fat uses this mechanism to produce heat in response to cold
temperatures. Of significance, mild uncoupling of mitochondrial res-
piration has been implicated in life-span extension through its effects
on metabolic rate and ROS production (19,20). Mitochondrial super-
oxide production increases with replicative age in cultured human
fibroblasts and it is considered to be one of the major contributing
factors to replicative senescence (21). This replicative senescence is
delayed by mild mitochondrial uncoupling and is accompanied by
deregulation of Ca?*-dependent signaling (22).
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Mitochondria Dynamics

Mitochondria constantly remodel their architecture through alter-
nated asymmetric division (fission) and fusion that allow morpho-
logical transitions and adaptation to different functional situations
(23). Fission is coordinated with DNA replication and is essential
for mitochondrial duplication and biogenesis, which is a require-
ment for cell division and strongly connected to cell cycle. Fission
is also an essential phase of mitochondria autophagy (mitophagy),
which allows recycling of sections of mitochondria that has become
dysfunctional or damaged (24). Fusion is the process by which
mitochondria become interconnected. Through fusion, damaged
mitochondria may acquire undamaged genetic material and main-
tain functionality, including the resynthesis of essential proteins.
This alternate process of fusion and fission enables mitochondria
to form a constantly changing tubular network, essential for health
in most eukaryotic cells. Not surprisingly, mitochondrial dynam-
ics are affected by fuel availability, ie, fuel excess stimulates fission
and nutrient deficiency stimulates fusion (25). Studies have shown
that an imbalance in this process contributes to the loss of mito-
chondrial homeostasis in sarcopenic muscles. In particular, aging is
associated with the upregulation of mitochondrial fusion in skeletal
muscle, possibly in order to cope with increased levels of mtDNA
mutations (26). Defects in mitochondria maintenance and turnover
because of impaired biogenesis and/or defective removal are thought
to contribute to the pathogenesis of complex diseases not classically
considered to involve mitochondria, including cancer, cardiovascular
disease, and neurodegenerative diseases (27,28).

Mitophagy is required to guarantee cell survival (29) and is
controlled by the mammalian target of rapamycin (mTOR), the
adenosine monophosphate-activated protein kinase (AMPK), and
forkhead box transcription factor 3 (FOXO3) pathways (30,31).
Downregulation of mTOR stimulates mitophagy and upregulation
of AMPK activates mitochondrial biogenesis, oxidative metabolism,
and resistance to oxidative stress (32). This is consistent with the
notion that by modulating mitochondrial activity, mTOR regu-
lates both resting oxygen consumption and oxidative capacity.
Interestingly, mTOR activity affects life span in many organisms.

It has been shown that aging is associated with defective autophagy
that leads to the accumulation of dysfunctional mitochondria, oxida-
tive stress, and inflammation. Studies have suggested that elevated
autophagy activity preserves bioenergetics in centenarians (33),
whereas defective mitophagy is associated with sarcopenia (34,35).

As indicated previously, mitochondrial quantity and function
continuously adapt to meet the energy demands of the cell through
a fine balance between mitophagy, mitochondrial biogenesis, and
regulation of oxidative metabolism. The tilt up or down in this bal-
ance is mainly controlled by the peroxisome-proliferator-activated
receptor y coactivator la. (PGC-1a), a pleiotropic transcriptional
regulator that, among other functions, stimulates mitochondrial bio-
genesis, affects mitochondrial dynamics, modulates oxidative phos-
phorylation by interacting with the nuclear factors, erythroid 2-like
1 (NRF1) and 2 (NRF2), controls mitochondrial genome copy num-
ber through the transcription factor TFAM and affects lipid metabo-
lism (36,37). There is some evidence that the age-associated decline
of PGC-1a is the primary cause for the reduction of mitochondrial
number and volume and the increase in apoptosis observed with
aging and in some chronic diseases. Of significance, these steps are
proposed to be part of the causal pathway to sarcopenia and frailty
(38,39). A number of studies found that mitochondrial biogenesis
is impaired with aging and is associated with a loss of mitochon-
drial content and function in energetically demanding tissues, such
as skeletal muscle, brain, and heart (40,41). However, evidence for

a central role of PGC-1a in driving such decline in humans is scant
and testing this hypothesis remains an important area of research.
The importance of PGC-1a to aging is also underlined by recent
evidence of an interaction with tumor suppressor p53 and telomer-
ase (42,43). In fact, telomere dysfunction has been associated with
impaired mitochondrial biogenesis and function, decreased gluco-
neogenesis, cardiomyopathy, and increased ROS production (44).
PGC-10 expression is finely tuned in response to a multitude of trig-
gers, which may be viewed as metabolic sensors. Cell exposure to
stressors, such as hydrogen peroxide (H,0,) or ischemia, generally
induce PGC-1a expression (38). AMPK and SIRT1 are two meta-
bolic sensors that directly affect PGC-1a activity through phospho-
rylation and deacetylation (45,46). It is widely believed that PGC-1a
activity accounts for many of the beneficial effects of physical activ-
ity and dietary interventions in experimental animals (47). Studies
have shown that a chronic inactivation of AMPK is associated with
a decrease in mitochondrial biogenesis in aged animals, and that
activation of AMPK may represent a therapeutic target to improve
mitochondrial dysfunction with aging (48,49).

Mitochondria and Cytosol Relationship

Mitochondria are integrated in metabolic pathways, which include
cytosolic protein synthesis and the intracellular network of mem-
branes. The majority of mitochondrial proteins are translated in
the cytoplasm and then imported, processed, and assembled in the
mitochondrial matrix. Adequate proteostasis is maintained by chap-
erones that repair misfolded proteins and proteases that remove pro-
teins irreversibly damaged (50).

Mitochondrial Proteostasis

Aging is associated with increased protein oxidative damage and
an imbalance in proteostasis due to impairment of the ubiquitin-
proteasome system (51). Such imbalance causes the accumulation
of misfolded proteins that trigger a mitochondrial-specific unfolded
protein response (UPR™), which increases the production of chaper-
ones and proteases in the attempt to re-establish proteostasis equi-
librium. UPR™ has been implicated in life-span extension in worms,
flies, and mice, suggesting a conserved role in the long-term mainte-
nance of cellular homeostasis (52). Of note, many age-related neu-
rodegenerative diseases, such as Parkinson’s disease and Alzheimer’s
disease, involve the accumulation of misfolded proteins in both
the endoplasmic reticulum (ER) and mitochondria (53). Recently,
it has been suggested that augmenting mitochondrial stress signal-
ing through the modulation of nicotinamide adenine dinucleotide
(NAD?*) levels can activate FOXO signaling, UPR™ and extend lon-
gevity (54). In this context, Lon protease appears as a key enzyme in
aging and in situations of chronic stress (55). Lon participates in the
degradation of oxidized proteins within the mitochondrial matrix
induced by acute stress. Studies in mice suggest that Loz protease
downregulation reduces the ability of the aging mitochondria to
respond to stress (56,57).

Mitochondrial-associated membranes and
mitochondrial lipids

Accumulating evidence indicates that the ER and mitochondrial
outer membrane establish a tight interplay through mitochondrial-
associated membranes (MAMs) (58). MAMs are important signal-
ing sites connecting the ER and mitochondria with functional roles
during apoptosis, autophagy, Ca?* transport, inflammation, and lipid
synthesis and mitochondrial dynamic events. The ER is a major
lipid-synthesizing organelle, and lipids that are constituents of the
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mitochondrial outer membrane and inner membrane are partially
supplied by the ER through MAMs and then modified within mito-
chondria, although some of the lipids, such as cardiolipin, are spe-
cifically synthesized in mitochondria. Cardiolipin is a phospholipid
exclusively found in the inner mitochondrial membrane, where it
plays an important structural role in the organization and assembly
of the electron transport chain respiratory complexes (59,60) and
guarantees the impermeability of this membrane. Cardiolipin peroxi-
dation and depletion occur with aging and in a variety of pathologi-
cal conditions and are associated with energy deficiency (61,62).

It has been suggested that the benefits of caloric restriction (CR)
in healthspan and life span in mice may be mediated by a decrease in
long-chain n-3 polyunsaturated fatty acid (PUFA) in the mitochon-
drial membrane. Such decrease in PUFA alters the permeability and/
or the proton leak across inner mitochondrial membrane, thereby
decreasing the sensitivity to lipid peroxidation. The increased sus-
ceptibility to lipid oxidative damage and downstream protein and
genome toxicity affects both aging and life span (63,64). Liver mito-
chondrial membranes of long-lived species show a lower level of
free radical production and a lower degree of unsaturation of fatty
acids which, in turn, may contribute to slowing down the aging pro-
cess (65). However, lifelong treatment with the beta-blocker drug
atenolol decreases membrane fatty acid unsaturation and oxidative
stress in heart and skeletal muscle mitochondria without changing
mice longevity (66). In contrast, diets containing a low proportion of
PUFAs and high amount of monounsaturated and saturated fats may
maximize life span in animals maintained on CR (67).

Mitochondria and apoptosis

An imbalance between proliferation and cell death has been linked to
many age-related diseases. Mitochondria could play a key role in the
initiation and amplification of cell death, as fragmentation, remod-
eling, and permeabilization of the mitochondrial outer membrane are
events that contribute to the initiation of apoptosis. Excessive mito-
chondrial Ca?* uptake may trigger mitochondrial dysfunction and
apoptosis through the permeabilization of the mitochondrial outer
membrane (68,69). Although the mechanisms of apoptosis are not
fully understood, an increase in mitochondrial permeability transition
pore opening, which is modulated by anti-apoptotic proteins such as
Bax/Bak and Bcl-2, and the release of cytochrome c are critical triggers
in mitochondrial-regulated apoptosis (70). In reperfused aging cardio-
myocytes, cell death and mitochondrial permeability transition pore
opening are increased despite attenuated ROS burst and mitochondrial
calcium overload (71). Apoptosis mediates the pro-longevity response
to mitochondrial ROS in Caenorbabditis elegans (72). Mitochondria
change morphology and assume a characteristic punctiform shape in
apoptotic cells, suggesting that this organelle plays an important role
in the process that eventually leads to cell death (73,74).

Mitochondria respiratory chain efficiency

Four multiprotein complexes (complexes I to IV) form the mitochon-
drial respiratory chain (electron transport chain) components, which
are connected by two electron transporters: coenzyme Q (CoQ) and
cytochrome ¢. With the exception of complex II and the electron
transporters, the respiratory chain complexes are built by the con-
tribution of both mtDNA and nDNA genomes. This co-ordination
is highly regulated and responds not only to energy requirements
but also to cellular and mitochondria homeostasis. High-energy
electrons move from either NADH to oxygen through complex I to
complex III and complex IV or FADH2 to oxygen through complex

II—complex III—complex IV to generate the mitochondrial mem-
brane potential that drives adenosine triphosphate biosynthesis by
complex V. Complexes are not randomly distributed throughout
the inner mitochondrial membrane but rather rigidly organized in a
super-assembly architecture that ensures efficiency and adaptability
(75). The assembly and stability of mitochondria supercomplexes are
key to efficient electron flux from reduced coenzymes to molecular
oxygen, and to prevent superoxide generation (76-78). Alterations of
the electron transport chain components’ assembly due to aging and/
or chronic diseases may lead to higher electron leakage and patho-
logical increase in ROS production. For example, a defective super-
complex organization and subsequent mitochondrial dysfunction
may be implicated in cardiac failure (79,80). Mechanisms involved in
the destabilization of supercomplexes with aging are unknown, but
a failure in lipid-protein interactions (ie, cardiolipin with complex I)
has been described (81,82). A central role in cellular homeostasis is
played by CoQ, which is a central component of the “respirasome.”
CoQ is synthesized by a highly regulated multiprotein complex that
involves at least 10 nDNA-encoded proteins. CoQ is essential for
beta-oxidation of fatty acids, pyrimidine nucleotide synthesis, and
mitochondrial permeability transition pore regulation (83).

Recent studies have shown that abnormally elevated resting
metabolic rate is a risk factor for mortality and is highly correlated
with the cellular levels of cytochrome oxidase, and mitochondrial
content and/or efficiency (84,85). Although the mechanism for this
association is still a matter of speculation, a compelling hypoth-
esis is that higher resting metabolic rate could be an indicator of
higher protein turnover rates in those mitochondria that remain
undamaged and need to compensate for the accumulation of dys-
functional mitochondria. If this hypothesis is correct, resting meta-
bolic rate abnormally elevated for the age of an individual could
be used as a good clinical indicator of mitochondrial dysfunction
associated with aging, and perhaps even as a biomarker of unsuc-
cessful aging.

Mitochondria and redox homeostasis

The efficiency of mitochondrial function is maintained by a complex
network of redox-sensors that alter energy production in response to
changes in the cellular environment and levels of endogenous metab-
olites, such as Fe(II), succinate, and ROS. During aging, deregulation
of various signaling pathways implicated in metabolism can induce
mitochondrial dysfunction. The insulin-like growth factor 1 (IGF1),
mTOR, AMPK, and sirtuin proteins act as sensors to detect slight
changes in metabolites (eg, amino acids, adenosine monophosphate,
and NAD") that evoke rapid adaptive responses through signaling
via FOXO, PGC-1a, and other regulatory proteins (86). Of note,
CR mimetics and exercise promote longevity in animal models by
impacting on these pathways (87,88). A chronic reduction of NAD*,
its precursor nicotinamide, and/or adenosine triphosphate disrupts
cellular bioenergetics and causes cumulative mitochondrial damage
believed to be associated with aging (54). The lowering in NAD*
levels contributes to the mitochondrial decay associated with skel-
etal muscle aging by inducing a pseudohypoxic state that disrupts
nuclear-mitochondrial communication (89), a process shown to
be modulated by SIRT1 and hypoxia-inducible factor 1 (HIF-1a)
(Figure 2). It follows that the pharmacological restoration of normal
NAD* and nicotinamide levels could possibly mitigate cellular bio-
energetics dysfunction during aging and enhance the UPR™ response
(90,91). In keeping with this hypothesis, the benefits of CR have
been linked to the activation of NAD*-dependent sirtuins whose
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activity mediate the adaptive response to low energy by promoting
the deacetylation of downstream protein targets, such as PGC-1a,
FOXO, and p53.

Aging is apparently associated with disturbances in mitochon-
drial iron homeostasis, particularly its metabolism and storage.
These defects have been associated with some age-related degenera-
tive diseases with functional consequences involving the motor and
cognitive performance levels (92,93). Cellular and mitochondrial
iron accumulation increases with aging in some postmitotic tissues,
such as skeletal muscle, brain, and peripheral nervous system, and
this could generate ROS (94). Iron scavenging and removal might,
therefore, prevent cellular and mitochondrial oxidative damage and
attenuate age-related mitochondrial decay. Muscle inactivity is asso-
ciated with disturbances in intracellular calcium homeostasis, accu-
mulation of fatty acids and a reduced rate of mitochondrial protein
import (95,96). These events increase the production of ROS in the
muscle and as a consequence may lead to muscle atrophy.

Mitochondria and epigenetic regulation

Mitochondria may also play an important role in epigenetic regula-
tion by providing numerous co-substrates produced in the tricar-
boxylic acid cycle (TCA cycle) that are required for epigenetic and
transcriptional processes, such as histone modifications and chroma-
tin remodeling (97). Methylation of nuclear DNA is a major compo-
nent of the epigenetic system in mammalian cells and may strongly
affect the regulation of mitochondrial function, since most of the
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Figure 2. Signaling pathways implicated in metabolism and mitochondrial
dysfunction during aging. A well-controlled balance between mitochondrial
biogenesis and mitophagy ensures successful aging. Caloric restriction
(CR), CR mimetics and exercise generate mild stress that result in elevated
production of adenosine monophosphate (AMP), nicotinamide adenine
dinucleotide, and/or ROS levels with subsequent activation of metabolic
sensors, such as AMP kinase (AMPK) and the protein deacetylase SIRT1.
Activated AMPK inhibits the insulin/IGF-1/mTOR signaling and triggers,
along with SIRT1, the biogenesis of new mitochondria via PGC-1a-mediated
transcriptional regulation. Modulation of tumor suppressor p53 promotes
mitophagy by replacing defective mitochondria with new functionally
competent mitochondria. Hence, the burden of disability in older persons
may be dramatically reduce through preservation and improvement of
mitochondrial quality.

mitochondrial proteins are encoded by nDNA. Because mitochon-
dria are redox sensors, changes in the energy status in the mitochon-
dria in response to alterations in the levels of metabolites, such as
Fe(II), succinate, or even dietary changes, could be involved in epige-
netic alterations with aging. This will produce changes in the expres-
sion of several genes that regulate mitochondrial metabolism and
nuclear-encoded mitochondrial genes (called the “mitochondrial ret-
rograde pathway”) (98). Salminen and colleagues (2014) proposed
that mitochondria sense stressful conditions and react by shaping the
epigenetic landscape of chromatin to promote survival or trigger a
senescent phenotype (97).

Mitochondria and mtDNA heteroplasmy

The coexistence of wild-type and mutated copies of mtDNA, known
as mtDNA heteroplasmy, may play a role in aging and in other age-
related diseases. Somatic mtDNA mutations accumulate with aging
in mammals and have been proposed to provide a survival advan-
tage (3). There is significant accumulation of tissue-related and allele-
related heteroplasmies during human aging (99). In fact, mtDNA
heteroplasmy has been found in centenarians, suggesting that it could
contribute to longevity and healthy aging (100,101). Interestingly,
lower mtDNA copy number is associated with prevalent frailty and
could be a significant predictor of all-cause mortality in humans (102).

Conclusions

Mitochondria are both the factory for cellular energy production and
the hot spots, where different signals are integrated to produce home-
ostatic responses at the cellular level. It is not clear whether mitochon-
drial dysfunction is either a cause or a consequence of aged-associated
diseases (or both), but increasing evidence suggests that energy balance
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Figure 3. Factors affecting aged mitochondria. Numerous biological processes
modulate mitochondrial function. Defects in mitochondria maintenance
and turnover because of impaired biogenesis and/or defective removal are
thought to contribute to the pathogenesis of complex diseases and aging.The
assembly and maintenance of respiratory complexes that can sustain a high
energetic flux without generating excessive ROS, and the quantity and quality
of energetic fuel are essential to health and successful aging.
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Figure 4. Mitochondria as a key regulator in the pathophysiology of aging or in the earlier stages of some events that may lead to the aging phenotype. Even
minor mitochondrial dysfunction when coupled with specific organ susceptibility may cause diseases, such as atherosclerosis, and also conditions that we still
do not recognize as diseases, such as arterial stiffness or sarcopenia. The difference between the so-called “diseases” and these age-related conditions resides
in our ignorance. What is clear is that some disease may sometime accelerate mitochondrial function decline and create a vicious cycle that leads to frailty
and disability. For example, atherosclerosis of the femoral arteries may cause irreversible mitochondrial dysfunction in the leg muscle, further accelerating
sarcopenia. If this hypothesis is correct, for example, early revascularization or treatment that protect mitocondrial integrity may substantial change the
prognosis and clinical evolution of peripheral arterial disease. Indeed, integrating traditional pathophysiology and mitochondrial biology may increase our

understanding of disease and help identify new therapeutic targets.

is central to both successful aging and protection from age-related dis-
eases. Numerous biological signals modulate mitochondrial function,
and it is only when mitochondria are fine-tuned, healthy, and efficient
that all their multiple and highly energy-demanding processes can
occur normally (Figure 3). Some of the acute or chronic pathologi-
cal conditions associated with aging might be a consequence of some
stress-induced signaling events that occur within the mitochondria or
converge to mitochondria. Mitochondria could play a key role in the
pathophysiology of aging or in the earlier stages of some events that
lead to the aging phenotype, such as sarcopenia. Thus, deficits in bio-
energetics caused by a decline in mitochondrial function may impair
normal cellular activities as we age and, as a consequence, compro-
mise the cellular ability to adapt to various physiological stresses lead-
ing finally to weakness, frailty, and disability. There is also evidence of
disease-specific mitochondrial dysfunctions that lead to further mito-
chondrial damage or to the exhaustion of reserves for compensatory
biogenesis, and these outcomes lead to a vicious cycle of progressive
tissue degeneration and loss of function.

The assembly and maintenance of respiratory complexes that
can sustain a high energetic flux without generating excessive ROS,
and the quantity and quality of energetic fuel are essential to health
and successful aging. Dysfunctional mitochondria have to be either
repaired constantly or degraded in order to prevent cellular dam-
age and maintain mitochondrial homeostasis. An imbalance in mito-
chondrial biogenesis and turnover can contribute to the aberrant
increase in mitochondrial mass or content with paradoxical loss
of function seen during aging and in several age-related diseases.
Therefore, a good equilibrium between mitochondrial biogenesis
and mitophagy is required in order to maintain cellular homeostasis
and the epigenetic and proteomic adaptability changes that promote
survival under stress conditions. A deregulation of this equilibrium
could be detrimental and lead to the accumulation of mitochondrial
damage that may trigger apoptosis during aging. This is consistent
with studies showing that most interventions that prolong life span

evoke decreases in the activity of nutrient signaling pathways and
activate metabolic sensors, such as sirtuins, cellular redox homeosta-
sis, and mitochondrial biogenesis pathways.

Recent studies found that some levels of hydrogen peroxide could
have hormetic roles that promote healthspan and longevity, perhaps
due to enhanced mitopaghy and proteostasis. In fact, some anti-aging
drugs and CR mimetics, such as resveratrol and rapamycin, are also
regulators or inducers of autophagy and mitochondrial biogenesis.

There is absolutely no doubt that mitochondrial dysfunction
remains one of the enduring mainstream theories to explain aging
and processes that lead to the development of aging phenotypes.
Understanding which mitochondrial molecular pathways can alter
homeostatic ROS levels may reveal whether or how free radicals
could be involved both in aging and the delay of age-related diseases.
Although poorly understood, the role of ROS on mitochondrial and
cellular health is likely to be nonlinear, with positive physiologi-
cal effects within a narrow range of concentrations. The emerging
importance of mitochondrial physiology at the interface of aging
and diseases suggests that mitochondrial dysfunction may be the
shared mechanism by which the risk of developing chronic disease
and multimorbidity increases as we age. This inter-relationship can
be further complicated by the fact that many diseases may exac-
erbate mitochondrial damage, thus triggering a downward vicious
cycle (Figure 4). Testing this hypothesis has important clinical impli-
cations and will require technological advances and extensive col-
laboration between basic scientists, epidemiologists and clinicians
for the development of new intervention strategies that can reduce
the burden of disability in older persons by preserving or improving
mitochondrial function.
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