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The mitochondrial basis of aging and related diseases
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Abstract. Aging is a programmed and spontaneous life course that organisms must undergo, and as an irreversible
and relatively conservative process, several theories have tried to explain its causes. Among them, the somatic
mutation theory, the free radical theory, the natural cross-linking of biomolecules, the immune theory, the telomere
theory, the biological clock theory, and the toxic theory are among the most widely accepted hypotheses. However,
no single doctrine can fully explain the aging process. Aging is mainly manifested in the structural and functional
aging and decline of organisms, and as organisms continue to age, most organs will experience varying degrees of
aging and irreversible damage, although it is directly related to many diseases, aging itself is generally not
considered as a disease. Any organism ages slowly over time, with the most easily observable manifestations in
external changes such as diminished hair color and sagging skin. Numerous studies have shown that mitochondria
are instrumental in mitigating aging as the primary provider of cellular energy, providing energy for cell growth
and development as well as being the center of cellular metabolism; therefore, once mitochondria become faulty,
a large number of cells will lose function, age, and thus die. In this paper, we will discuss in detail the relationship
between mitochondria and aging and how external interventions can promote the function of mitochondria in
delaying aging.

inner membrane being rich in electron transport chain
proteins responsible for ATP synthesis [2].
In general, mitochondria are not static organelles, they

1 Introduction

Mitochondria are ordered and highly specialized organelles

present in eukaryotic cells. To accommodate their
functional diversity, mitochondria exhibit different
morphological features: sometimes threadlike and
sometimes splitting into granules. Its main function is to
serve as the main site of the intracellular tricarboxylic acid
cycle (TCA), oxidative phosphorylation (oxygen
consumption) and ATP production. The production of
energy may be accompanied by excessive production of
reactive oxygen radicals (ROS), leading to disruption of
mitochondrial metabolism, which in turn causes damage to
proteins, lipids and DNA and activates the DNA damage
response. The body can remove damaged mitochondria
through mitochondrial autophagy, thus effectively
mitigating cellular damage [1]. The function of
mitochondria is related to their structure. In general,
mitochondria are short rods or spheres, and are small
vesicles with a double membrane structure, consisting of an
outer membrane, a membrane gap, an inner membrane and
a matrix. The outer membrane is generally smooth and
continuous and simple in structure, while the inner
membrane is highly folded to form cristae, and both
membranes allow for specific metabolism, the outer
membrane being used for transport of larger proteins and the
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change their shape, position and number according to the
specificity of the energy required by the living organism and
are in dynamic change, maintaining their stability through
division and fusion. Mitochondria rely on their own quality
control in meeting cellular metabolic demands, such as
removing damaged mitochondria through autophagy and
replenishing the mitochondrial pool by dividing to produce
new mitochondria.

At the same time, mitochondria are relevant to
inflammation, vascular health, and the treatment of kidney
disease. In this article, we will discuss the association of
mitochondria with the above health problems and the
countermeasures to solve them in a comprehensive manner.

2 Cellular Senescence and Related
Diseases

Cellular senescence is the process of decline of cellular
functions in the execution of life activities, which is closely
associated with the development of various diseases, such
as various neurodegenerative diseases, inflammation,
tumors, vascular diseases and organ dysfunctions [2]. The
most obvious manifestations of aging are the sagging of
human skin, memory loss, accumulation of cytoplasmic
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lipofuscin, graying of hair, and abnormalities in the function
of wvarious tissues and organs of the body and the
development of diseases [1]. Various factors have been
found to influence aging, such as somatic mutations,
damage from free radicals, problems with immune function,
damage to chromosomal telomeres, effects from the
biological clock, and toxicity caused by environmental
substances, among other causes.

Aging is caused by a variety of factors, including
inflammation and degeneration of body organs and
functional decline. In the following, we will discuss the
effects of three typical aging-related diseases, namely
kidney disease, vascular aging, and inflammation,
respectively, and then discuss how to use the relationship
between mitochondria and aging to alleviate aging.

2.1 Nephropathy

Kidney disease, a common disease, is a serious threat to
human health. Mitochondrial integrity is quite important for
normal kidney function, and aging happens to be one of the
most important pathogenic factors of kidney disease. During
the aging process, the structure of the kidney undergoes
progressive changes thus making the probability of kidney
disease greatly increased. As the main metabolic organ of
the body, a large amount of toxic substances and waste are
excreted through the urine produced by the kidneys, which
improves the body's resistance and immunity. Therefore, the
progressive changes in the structure and function of the
kidneys in the elderly make them more susceptible to
diabetes and chronic kidney disease compared to the young.
The kidney is an important and highly energy-consuming
organ in the body, and the decline in energy is the basis for
the general weakness of the elderly. The presence of kidney
disease therefore reduces the flow of energy to other organs,
which underlies the development of metabolic and
degenerative diseases in other organs [3]. In conclusion, the
weakening of the kidneys and aging contribute to each other,
ultimately leading to a shorter life span.

2.2 Vascular aging

As we age, degenerative changes in the structure of blood
vessels occur, eventually leading to disease. And diseases
also accelerate the aging of living organisms. Mitochondria
will have a small amount of electron leakage during energy
supply thus generating ROS, and a small amount of ROS
can act as a signaling molecule to help regulate
mitochondrial mass. It also activates the antioxidant system
and helps cell proliferation, differentiation or apoptosis [4].
However, excessive ROS induce the release of large
amounts of ROS from surrounding mitochondria through
"reactive oxygen species-induced reactive oxygen species
release", leading to the rupture of the outer mitochondrial
membrane, forced opening of the mitochondrial
permeability transition pore, intracellular calcium overload
and DNA damage, which eventually leads to apoptosis or

necrosis, thus inducing the development of aging-related
diseases. ROS can also directly damage telomeres and
inhibit telomerase activity. On the other hand, elevated
vascular mitochondrial ROS due to ageing is the main
mechanism causing vascular pathological changes [6]. Also,
decreased mitochondrial quality due to impaired
mitochondrial biosynthesis in aging vascular endothelial
cells and smooth muscle cells is another cause of vascular
mitochondrial dysfunction.

2.3 Inflammation

Inflammation is a defense mechanism resulting from
microbial infection, and Matzinger's "danger theory" of
inflammation suggests that DAMPs (cell damage-
associated molecular patterns) can bind and activate pattern
recognition receptors in the cell membrane and cytoplasm,
and that when cells are damaged, they can induce a decrease
in mitochondrial function through the release of excess
DAMPs. cysteinyl aspartate specific proteinase 1 (caspase
1) activation and release of pro-inflammatory cytokines [7]
[8]. Chronic inflammation is also a marker of aging.
Mitochondrial DNA (mtDNA), as one of the molecular
patterns associated with cellular damage, is considered as a
marker of the functional link between mitochondrial
damage and systemic inflammation by binding to and
activating the corresponding receptors, which are involved
in various inflammatory responses [9] [10].

The mitochondrial inner membrane complex reduces a
large number of oxygen molecules to water during electron
transfer, and the remaining 1%-2% of oxygen molecules are
reduced to superoxide anions, which once produced in
excess can cause oxidative stress and eventually lead to
energy failure, inflammation, apoptosis or death [8].

3 Mitochondria and Aging

Since mitochondria function as the cellular "energy factory",
damage to them can cause dysfunction and result in
excessive production of reactive oxygen species (ROS).
While mild reactive oxygen species contribute to cell
survival, stimulate cellular damage response, proliferation
and better metabolism based on toxic excitatory effects, the
toxicity caused by excessive ROS will damage cells [11].
The increased production of ROS also affects the stability
of mitochondrial lipids and proteins, causing irreversible
damage to mitochondrial membranes and dysfunctional
mitochondrial oxidation. These damages and dysfunctions
would then lead to overexpression of genes in other
structures of the body, resulting in over-proliferation of
cells[12]. As in vascular smooth muscle cells, this leads to
thickening of the cardiovascular lining and eventually to
atherosclerotic damage [13].
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3.1 Mitochondrial function decreases with age

The main function of mitochondria is to regulate many
different metabolic and signaling pathways and to play an
important role in programmed cell death. When considering
the impact of mitochondrial dysfunction on aging, it is
important to note that mitochondrial biogenesis is controlled
at many different levels [14].

3.1.1 Mitochondrial DNA (mtDNA) mutation
accumulation

Studies have shown that the number of mtDNA mutations
increases with age, and in general mutations in mtDNA may
be caused by unrepaired DNA damage, such as that caused
by ROS [14]. It is therefore hypothesized that de novo
mutations in mitochondrial DNA observed during aging are
caused by the accumulation of senescent mitochondria and
unrepaired damage, but replication errors are now thought
to be the more likely cause [15] [16]. This is because most
mouse mtDNA mutations arise from replication errors
during development, rather than from the accumulation of
damage during adulthood [17]. Although it has been known
for more than two decades that mtDNA mutations can cause
disease and that somatic mtDNA mutations increase with
age, experimental data supporting a role for mtDNA
mutations in aging were recently obtained in mtDNA
mutant mice [17].

3.1.2 ROS and aging

The electron respiratory chain consisting of the
mitochondrial oxidoreductase complex generates ROS
along with ATP, and many studies have shown that the rate
of mitochondrial ROS production is negatively correlated
with maximum lifespan. Therefore, we can reasonably
speculate that mitochondria are associated with senescence.
It has been shown that the number of cells decreases during
aging, and it is now believed that mitochondria play an
important role in the apoptotic process. For example,
mitochondria release apoptosis-inducing proteins, and
Newmeyer showed through studies on cell-free systems that
changes in nuclear morphology during apoptosis can only
occur in the presence of mitochondrial homogenates, which
contain apoptosis-related proteins, including cytochrome C,
apoptosis-inducing factor (AIF), between the inner and
outer mitochondrial membranes. Usually, the release of
cytochrome C and AIP requires a change in mitochondrial
membrane potential (A¥Ym) and the opening of the
mitochondrial permeability transition pore (mPTP) [14] [18]
[19].

Even though some scholars such as Ana Bratic, Nils-
Goran Larsson argue that ROS bring nothing more than a
physiological level of oxidative damage that mitochondria
can cope with, the free radical theory is probably still the
most powerful theory to explain aging in many species [20].
Certainly, there are many short- or long-lived organisms

that remain viable primarily through altered mitochondrial
metabolism, reactive oxygen species generation, or
oxidative stress resistance. This consistency across
numerous species does not prove causality, but at least
suggests a strong potential relationship. Other observations
suggest that a link between ROS levels and the rate of aging
can be found by directly stimulating with oxidants that can
mimic many cellular and transcriptional level changes. In
Harman's original hypothesis, he suggested that aging and
aging-related diseases are regulated by intracellular free
radicals. Recent findings that certain metabolic genes
involved in the TCA cycle can act as tumor suppressors and
that genes that slow down overall aging can also slow down
the development of chronic diseases such as atherosclerosis
suggest that Harman's original idea was correct [21][22] .
The above studies have greatly contributed to our
understanding of the link between mitochondrial
dysfunction and aging, and one can achieve the goal of
protecting mitochondria and delaying aging through quality
control and protection of mitochondria to delay aging and
treat some diseases brought about by mitochondrial-
mediated aging.

Mitochondrial structural and functional damage has a
major impact on nephropathy, vascularity and inflammation
and ultimately leads to aging, we discuss below some of the
external interventions to achieve mitochondrial protection
and repair and thus delay aging.

3.2 Targeting Mitochondria in Aging Treatment

Mitochondria are closely related to aging, therefore, using
mitochondria and their properties, we can enhance the
ability of mitochondria to synthesize ATP through
appropriate external interventions, thus enhancing the
ability of the body to resist aging; at the same time,
reasonably reducing the production of ROS and reducing its
damage to cells can also achieve the purpose of using
mitochondria to slow down cellular aging and ultimately
prolong life span.

3.2.1 SIRT3

SIRT3 is a silencing information regulator that reduces ROS
production and thus regulates mitochondrial endostasis. It
has deacetylating activity towards a range of metabolic
targets and is involved in a variety of physiological and
disease processes, such as interaction with electron transport
complexes I, I and V and regulation of subunits in the
electron transport chain and involvement in fatty acid
oxidation, amino acid metabolism and redox homeostasis,
and interaction with the tricarboxylic acid cycle enzyme
isocitrate dehydrogenase 2, which ultimately reduces ROS
production [27] [29]. And as a regulatory factor, when the
main energy supply substances are simultaneously
insufficient, by controlling the amount of SIRT3 can
regulate the transcription of respiratory complexes,
mitochondria convert glycolysis into fatty acids, amino
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acids and acetate catabolism to maintain the normal
production of ATP as an alternative energy source, and this
metabolic conversion is the Warburg effect [30]. Regarding
the mechanism of action of SIRT3, it can prevent apoptosis
by preventing the opening of the mitochondrial permeability
transition pore through the deacetylation of procyclin D in
cardiac myocytes and reducing the production of ROS, thus
avoiding ROS to disturb the calcium homeostasis inside the
cell [31]. Thus, SIRT3 maintains normal mitochondrial
function, prevents energy failure, and also makes it easier to
clean up superoxide. It has been shown that SIRT3
facilitates mitochondrial fusion and cell survival in
cardiomyocytes by deacetylating optic atrophy protein 1
[33].Overexpression of SIRT3 improves renal function,
regulates oxidative damage, inhibits inflammatory damage,
and reduces apoptosis in renal tubular epithelial cells;
therefore, it is suggested that restoration of SIRT3 by
altering the extracellular signal-regulated kinase-optic
atrophy protein 1 cascade , activation of mitochondrial
division may be a new approach to treat renal ischemia-
reperfusion injury [3]. Since AKI (acute kidney injury) has
a very high morbidity and mortality rate, this approach may
be effective in ensuring kidney health and thus delaying

aging.

3.2.2 MitoQ and a-lipoic acid

The mitochondria-targeted antioxidants MitoQ and a-lipoic
acid were both found to significantly improve age-related
vascular endothelial dysfunction in mice [33][23].MitoQ is
a mitochondria-targeted coenzyme, a natural antioxidant
that binds to the lipophilic cation decyltriphenylphosphine
(TPP), which accumulates in the mitochondrial membrane
and blocks mitochondrial oxidative damage [4]. Numerous
animal tests have shown that MitoQ has antioxidant effects
on a variety of tissues, and results have also shown that it
can be made into an effective drug for action in
humans.MitoQ can be safely administered for up to one year
due to the minimal liver damage caused by controlled doses
of MitoQ. Oral administration of MitoQ and related
mitochondria-targeted  antioxidants also  attenuates
oxidative damage to mitochondria [34]. Lipoic acid is a
mitochondrial coenzyme present in mitochondria that
eliminates free radicals responsible for accelerated aging
and pathogenesis and catalyzes the production and transfer
of acyl groups in the pyruvate dehydrogenase complex and
the a-ketoglutarate dehydrogenase complex. Because of its
high electron density properties, lipoic acid possesses a
remarkable ability to react with free radicals and therefore
has strong antioxidant properties [23].

3.2.3 Intermittent fasting

Intermittent fasting is effective in reducing the production
of free radicals, improving glucose regulation, stress
response capacity, and suppressing inflammation. During
fasting cells can enhance their intrinsic defense against

oxidative and metabolic stress and remove or repair
damaged parts. The body responds to intermittent fasting by
minimizing anabolic processes (synthesis, growth and
reproduction), supporting maintenance and repair systems,
enhancing stress resistance, reusing damaged molecules,
stimulating mitochondrial autopoiesis and promoting cell
survival, all of which contribute to improved health and
increased disease resistance, and so effectively mitigate
damage to mitochondria. Restricting caloric intake
stimulates mitochondrial biogenesis and uncoupling, thus
mitigating aging. This is because humans have undergone a
long evolutionary search for food within an ecological niche
where food resources are scarce, allowing most of our organ
systems to respond to intermittent fasting in a way that
allows the organism to tolerate or overcome challenges and
finally restore homeostasis [35]. At the same time,
intermittent line fasting enhances neuronal stress resistance,
enhances mitochondrial function and stimulates autophagy,
antioxidant defense and promotes DNA self-repair through
multiple mechanisms [36] [37]. Pu Rongxi et al. showed
experimentally that caloric control delayed skeletal muscle
aging in mice through the AMPK-SIRT-1 mitochondrial
pathway and significantly increased the expression of
peroxisome proliferator-activated receptor y coactivator la,
which ultimately promoted mitochondrial production.
Meanwhile aerobic exercise alleviates aging by activating
the mitochondrial autophagy mechanism [38].

3.2.4 Biological Molecules

Natural products have always been an important source of
bioactive substances and useful drugs. Among them,
phenols, terpenoids, ketol glycosides & acids are
predominant and have an important role in mitochondrial
repair and aging mitigation [39]. Phenolic substances have
strong antioxidant properties due to their special structure,
such as resveratrol, which has some mitochondrial toxicity
but delays aging due to toxic excitatory effects that improve
mitochondrial respiration, and it can induce mitochondrial
autophagy to delay vascular aging. Terpenoids can act on a
variety of mitochondria-related genes, for example,
oleanolic acid can reduce ROS levels in nematodes and thus
prolong their life span. Dehydrofirmanoic acid not only
prolongs nematode lifespan and prevents lipofuscin
accumulation, but also blocks collagen secretion from
human skin fibroblasts. Natural product active molecules of
ketol glycosides also have anti-aging activity, such as
epimedoside, which can act through at least two
mechanisms, either by inducing SOD enzyme activity and
reducing malondialdehyde levels to reduce oxidative stress,
or by reducing double-stranded DNA breaks and down-
regulating DNA damage-responsive genes to maintain
genomic stability [40]. Both epimedoside and its metabolic
derivative, epimedoside hypoglycoside (Icariside II, the in
vivo bioactive form of epimedoside), prolong the life span
of nematodes. And among acids, chicory acid can act as an
antioxidant component in L6 rat myoblasts to scavenge
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ROS and prevent their accumulation and increase
mitochondrial biosynthesis and inhibit the
insulin/Akt/mTOR signaling pathway [41].

4 Conclusion and Future Direction

Ensuring mitochondrial health is effective in treating some
of the diseases associated with aging and in mitigating aging
because of their highly specialized structure and their
involvement in energy synthesis. Mitochondrial health is
associated with the oxygen radical theory of aging, and the
mitochondria themselves maintain proper function by
stimulating autophagy. Inevitably, some diseases arise
during the body's decline, and these diseases also accelerate
aging, such as kidney disease, which damages the kidneys,
the main energy-consuming organ, and accelerates aging;
vascular aging, which leads to impaired material transport
and mitochondrial dysfunction; and inflammation, which is
a hallmark of aging, caused by excess superoxide anions and
also by apoptosis. The use of SIRT3 can improve renal
function, reduce ROS production, regulate oxidative
damage and inhibit inflammation; MitoQ and o-lipoic acid
can also effectively block oxidative damage in mitochondria
due to their strong antioxidant properties. Intermittent
fasting can improve the body's stress capacity, while
reducing free radical production and inhibiting
inflammation. Some other bioactive macromolecules also
have antioxidant properties and increase mitochondrial
biosynthesis. Although some studies suggest that the free
radical theory is not the ultimate cause of aging, the
accumulation of oxidative damage to mitochondria with
aging is currently the relatively widely accepted theory,
while it has also been suggested that mtDNA replication
errors cause mitochondrial damage. With such agents, it
seems that a better way to alleviate aging is by treating some
of the aging diseases mediated by mitochondria.
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