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Aging is a complex process that features a functional decline in many organelles.
Various factors influence the aging process, such as chromosomal abnormalities,
epigenetic changes, telomere shortening, oxidative stress, and mitochondrial
dysfunction. Mitochondrial dysfunction significantly impacts aging because
mitochondria regulate cellular energy, oxidative balance, and calcium levels.
Mitochondrial integrity is maintained by mitophagy, which helps maintain
cellular homeostasis, prevents ROS production, and protects against mtDNA
damage. However, increased calcium uptake and oxidative stress can disrupt
mitochondrial membrane potential and permeability, leading to the apoptotic
cascade. This disruption causes increased production of free radicals, leading to
oxidative modification and accumulation of mitochondrial DNA mutations, which
contribute to cellular dysfunction and aging. Mitochondrial dysfunction, resulting
from structural and functional changes, is linked to age-related degenerative
diseases. This review focuses on mitochondrial dysfunction, its implications in
aging and age-related disorders, and potential anti-aging strategies through
targeting mitochondrial dysfunction.
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Abbreviations: ROS, Reactive oxygen species; mtRNA, Mitochondrial RNA; DNA, Deoxyribonucleic acid;
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triphosphate; mtSSB, Mitochondrial single strand binding protein; TFAM, Mitochondrial transcriptional
factor A; RNS, Réactive nitrogen species; MMP, Matrix metalloproteinases; AP-1, Activator Protein-1;
CTL, cytolytic T lymphocytes; mPTP, membrane permeability transition pores; PGC-1a, Peroxisome
proliferator-activated receptor-gamma coactivator (PGC)-1 alpha; PINK-1, PTEN induced putative
kinase 1; OPTN, Plkl phosphorylates Optineurin; 8-OHDG, 8- hydrooxylamine; mTOR, mammalian
target of rapamycin; MTFP1, Translation of mitochondrial fission process 1; TFAM, Mitochondrial
transcription factor A; AMPK, AMP-activated protein kinase; SIRT1, sirtuin (silent mating type
information regulation two homolog) 1; UCPs, Mitochondrial uncoupling proteins; DAMPs, Damage-
associated molecular patterns; CNS, Central nervous systems.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2024.1384966/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1384966/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1384966/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2024.1384966&domain=pdf&date_stamp=2024-07-02
mailto:a.k.duttaroy@medisin.uio.no
mailto:a.k.duttaroy@medisin.uio.no
mailto:drindumathisomasundaram@gmail.com
mailto:drindumathisomasundaram@gmail.com
mailto:drsurajitpathak@care.edu.in
mailto:drsurajitpathak@care.edu.in
https://doi.org/10.3389/fphys.2024.1384966
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2024.1384966

Somasundaram et al.

10.3389/fphys.2024.1384966

AGING
Decreased antioxidant

Organelle
dysbfuncti

Damaged
mitochondria

mitochondrion

GRAPHICAL ABSTRACT

Increase ROS
production

UVR
Increase oxidative stress

Accumulation

The figure shows the effect of mitochondrial dysfunction and mitophagy on stem cells leading to aging.

Introduction

According to the United Nations (UN) in 2020 there were around
727 million people aged 65 years or over, and in the future, the
number of aged people will increase compared to the younger
population (United Nations Department of Economic and Social
Affairs, P. D., 2020). This suggests a need to understand the aging
process to improve individuals’ overall life expectancy and health. In
humans, aging generally begins after thirty (Dziechciaz M and Filip,
R, 2014) as a result of aggregation of physical, physiological,
psychological, and social changes leading to an overall decline in
physical and mental wellbeing and a reduction in mobility. Aging is a
complex, multifactorial, and long-term process affecting individuals at
various levels, including molecular, cellular, tissue, organ, and system
(Cohen, 2018). Aging is associated with the onset of various age-
related diseases and conditions, including cardiovascular diseases
(Kizhakekuttu and Widlansky, 2010) such as atherosclerosis,
hypertension, and heart problems, along with other diseases such
as diabetes mellitus, arthritis, cataracts, hearing loss, weakened
immune response, cancer, onset of neurodegenerative diseases such
as Alzheimer’s disease and Parkinson’s disease in the later stages of life
(Liu, 2014; Balmik and Chinnathambi, 2018; Li et al., 2021). Studies
addressing aging in humans and animal models identified various
cellular processes and events associated with aging and age-associated
diseases (Mitchell, S.J, et al., 2015; Casajus Pelegay et al., 2019). Lopez-
Otin et al. (2013) proposed nine hallmarks of aging: genomic
instability, telomere attrition, epigenetic alterations, loss of
proteostasis, deregulated nutrient sensing, cellular senescence, stem
cell exhaustion, altered intracellular communication, and
mitochondrial dysfunction (Liu et al., 2002). The crosstalk between
these hallmarks of aging has been identified, which has shed more
light on the molecular mechanism of the aging process. Among these
hallmarks
comprehensively studied as its role in aging (Sun et al, 2016;
Kauppila et al, 2017; Zhang et al, 2018; Bar-ziv et al, 2020).

of aging, mitochondrial dysfunction has been
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Moreover, the crosstalk of mitochondrial dysfunction with other
hallmarks of aging suggests that mitochondrial dysfunction actively
influences the aging process by contributing to other hallmarks of
aging (Van der Rijt et al., 2020).

Mitochondria are unique double-membrane organelles that
came into existence due to the

engulfment of alpha-

proteobacterium by a eukaryotic progenitor cell in an
endosymbiosis process, demonstrating evolutionary importance
in the advancement of eukaryotic life (Lane and Martin, 2010).
Mitochondria, apart from the nucleus, comprises its genome,
metabolome, transcriptome, and proteome (Cloonan et al., 2020).
Mitochondria have been considered a cellular powerhouse,
responsible for approximately 95% of cellular ATP production.
They are responsible for significantly contributing to the
maintenance of cellular homeostasis by contributing to metabolic
processes such as the tricarboxylic acid cycle (TCA) and oxidative
phosphorylation (OXPHOS) (Tzameli, 2012; Birsoy et al., 2015).
Apart from regulating cellular energetics, mitochondria also play an
essential role in intracellular calcium signaling thermogenesis,
apoptosis, generation of reactive oxygen species (ROS), and
regulation of oxidative stress response (Kowaltowski, 2000). Any
defect or deficit in mitochondrial number and function might be
responsible for cellular damage. Mitochondrial dysfunction has been
reported to be associated with aging and almost all chronic aging-
associated diseases (Nicolson, 2014; Nehlin, 2023) through reduced
ATP production, alteration in the regulation of apoptosis, increased
ROS production, and defective calcium signaling (Norat et al., 2020).
Accumulation of mutations in mitochondrial DNA (mtDNA) is the
primary cause of mitochondrial anomalies, further contributing to
aging and associated diseases (Kujoth et al., 2007; Paraskevaidi et al.,
2017). Here, we provide a detailed description of mitochondrial
dysfunction, its implications in the aging process, the onset of aging-
associated diseases, and potential therapeutic interventions targeting
mitochondrial dysfunction to develop an effective strategy for
treating age-related diseases.
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Mutations in mitochondrial DNA
(mtDNA) and aging

The human mitochondrial genome comprises small double-
stranded circular DNA spanning 16,569 bp, which contains 37 genes
coding for 13 polypeptides, 2 rRNAs, and 22 tRNAs. All these
13 polypeptides encoded by mtDNA are active components of the
oxidative phosphorylation system (Taanman, 1999). Mitochondria
contain several copies of mtDNA, and its replication is a cell cycle-
independent and relatively dynamic process (Bogenhagen, and
Clayton, 1977). Replication of mtDNA is regulated by several
specific mitochondrial proteins such as mitochondrial polymerase
gamma A (PolyA), TWINKLE and the mitochondrial single-strand
binding protein (mtSSB) (Bogenhagen, and Clayton, 1977). mtDNA
has been organized into nucleoids, aggregates of one or more
mtDNA copies linked to proteins that bind to mitochondrial
DNA, like mitochondrial transcription factor (TFAM)
(Bogenhagen, 2012). The Association of mtDNA with DNA
binding proteins protects the DNA against ROS and reactive
nitrogen species (RNS) produced during mitochondrial
metabolism (Bogenhagen, 2012). mtDNA has up to a 15-fold
higher mutation rate and a less efficient DNA repair mechanism
compared to nuclear DNA (Short et al., 2005). Accumulation of
mutations in mtDNA beyond a critical threshold may lead to
significant adverse effects in mitochondrial functioning and
mutations in components of OXPHOS complexes, resulting in
mitochondrial dysfunction and increased ROS production
(Wallace, 2010). According to a few studies, age-associated
increases in point and deletion mutations in mtDNA have been
observed in various human tissues, including the brain, heart, colon
and skeletal muscle (Bua et al., 2006; Marzetti and Leeuwenburgh,
2006; Kennedy et al., 2013; Greaves et al., 2014). However, the role of
these mutations in the aging phenotype and whether they are the
cause or effect of aging is still unclear. A study (Bratic et al., 2015) in
the mtDNA mutator mouse model gave more insights into the
accumulation of mutations in mtDNA and its implications in aging
phenotypes. This model was developed by homozygous knock-in of
PolyA lacking exonuclease activity (Bratic et al., 2015). Another
study (Edgar and Trifunovic, 200) suggested that an increase in the
frequency of mutations in mtDNA resulted in a shortened lifespan
and premature onset of aging phenotype, including reduced fertility,
anemia, osteoporosis, hair loss, the curvature of the spine, reduced
body weight and premature death in this mouse (Edgar and
Trifunovic, 2009).

The accumulation of mutations in mtDNA and its implications
in the aging process. More research (Ross et al., 2013) using mice
with a nuclear genome of wild type and mtDNA mutations inherited
from a mother heterozygous for mutator allele (PolyAwt/mut)
that low
mutations may have long-term effects, including early aging and
a decrease in lifespan (Ross et al., 2013; Ross et al., 2014).

showed levels of germline-transmitted mtDNA

Increased mitochondrial ROS
production and aging

Mitochondria hosts the OXPHOS and ATP production with
assistance from the electron transport chain located in the inner
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membrane of mitochondria. The electron transport chain located in
the inner mitochondrial membrane consists of four protein
complexes and is coupled with ATP synthase, an ATP-producing
enzyme. ROS are considered to be unwanted and toxic by-products
of the mitochondrial electron transport system (Chistiakov et al.,
2014). ROS are extremely reactive chemical species that include
superoxide anion (O,7), hydroxyl radical (OH), and hydrogen
peroxide (H,O,). Because they tend to donate or acquire another
electron in order to achieve stability, these radicals have a single
unpaired electron, which contributes to their high reactivity.
(H20,), (HOCD,
hypobromous acid (HOBr), ozone (Os), singlet oxygen (10,),

Hydrogen peroxide hypochlorous acid
nitrous acid (HNO;), nitrosyl cation (NOT), nitroxyl anion
(NO"), dinitrogen trioxide (N,O;), dinitrogen tetraoxide (N,Oy,),
nitronium (nitryl) cation (NO,*), organic peroxides (ROOH),
aldehydes (HCOR), and peroxynitrite (ONOOH) are the non-
radical species. Even while these non-radical species may readily
trigger free radical reactions in organisms, they are not free radicals
themselves.

The mitochondrial electron transport system produces almost
90% of total cellular ROS, making it a major ROS generator in cells
(Bratic and Trifunovic, 2010). ROS are highly reactive molecules
that can lead to oxidative deterioration of molecules like proteins,
lipids, and DNA. ROS leads to various DNA lesions, including
oxidized DNA bases and DNA strand breaks (Cui et al.,, 2012).
Besides its harmful effects in inducing oxidative stress in cells, ROS
also acts as a signaling molecule that influences various cellular
pathways and enhances immunologic defence against pathogens
(Yang and Lian, 2020). Many studies (Liu et al., 2002; Bowling and
Beal, 1995) focused on aging demonstrate that ROS is one of the
major mediators of age-related cellular damage and the pathogenesis
of some age-associated neurodegenerative diseases. Furthermore,
many theories explaining the aging process, including the free
radical theory and the mitochondrial theory of aging, are based
on the harmful effects of ROS and associated cellular damage
(Chistiakov et al., 2014; Yan, 2014; Indo et al., 2015). Although
elevated levels of ROS typically lead to cellular harm and accelerate
aging, lower amounts might enhance overall defence mechanisms by
triggering an adaptive reaction. This phenomenon has been termed
mitochondrial hormesis. (Ristow and Schmeisser, 2014).

The cumulative damage to mitochondria and accumulation of
mutations in mtDNA caused by ROS leads to deterioration in
mitochondrial functions due to alteration in the expression of
components of the electron transport chain. ROS-mediated
damage in OXPHOS machinery alters the enzymatic activity of
mitochondrial respiratory enzymes and reduces mitochondrial
membrane potential, leading to compromised ATP production
(Cedikova et al, 2016). There are two major sites of ROS
production in the electron transport chain: Complex I and
Complex III. Complex I is the major site affected by increased
ROS production. Seven complex I components are encoded by
mtDNA, which gets frequently mutated due to ROS, ultimately
contributing to the aging process (Indo et al., 2015; Cedikova et al.,
2016). According to one report by Nissanka and Moraes (2018), the
activity of complex I is significantly hampered due to aging in rat
brain and liver along with human platelets, leading to enhanced ROS
generation (Nissanka and Moraes, 2018). This suggests that there
might be a positive correlation between a defect in complex I activity
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The illustration represents mitochondrial dysfunction and ROS production in aging.

and ROS generation and vice versa and their overall impact on the
aging process. According to the free radical theory of aging, free
radical production via mitochondria, oxidative damage of tissues,
aging, and aging-related diseases are interlinked, eventually affecting
an individual’s physiology and metabolism. These include -the
absence of specific growth factors, hormones, DNA damage,
chemotherapeutic agents, serum starvation, UV radiation, toxins,
certain conditions like hyperthermia, hypoxia, viral infections, free
radicals affecting mitochondrial membrane potential, increased
levels of Ca+2, formation of reactive oxygen and nitrogen species
and decline in the redox status as (i.e., glutathione, ATP, NADH)
(Elmore, 2007; Pollack and Leeuwenburgh, 2001). Transgenic mice’s
lifespans have been examined in another investigation to determine
The
overexpression of either copper zinc superoxide dismutase
(CuZnSOD) and CuZnSOD
superoxide dismutase (MnSOD) may occur. Superoxide and
cytosolic
compartments are known to be scavenged by the overexpression

the impact of overexpressing antioxidant enzymes.

catalase or and manganese

hydrogen peroxide in the and mitochondrial
of these important antioxidant enzymes. Therefore, the life span of
mice is not increased by the overexpression of antioxidant enzymes
(Pérez et al., 2009). This occurs because the increased levels of ROS
can cause damage to mitochondrial DNA, as shown in Figure 1,
leading to a decline in mitochondrial function. This decline in
function, in turn, leads to increased oxidative stress that triggers
a signaling cascade that contributes to skin structure and photoaging
changes. Furthermore, through certain signaling genes like NF-kf
and AP-1, ROS can increase the expression of proinflammatory
cytokines and induce inflammation. ROS can also directly damage
the skin by increasing the expression of MMP (Benz and Yau, 2008;
Rizwan et al, 2014). ROS-induced DNA mutations, lipid
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peroxidation, and protein oxidation are all implicated in skin
aging and photoaging development (Rinnerthaler et al., 2015).

Mitochondrial apoptotic pathway
in aging

Apoptosis is a homeostatic mechanism essential in controlling
cell death, maintaining the average cell turnover, embryonic
development, effective immune system functioning, maintaining
growth,
differentiation, and tissue repair (Greenhalgh, 1998; Alberts et al.,
2002; Mondello and Scovassi, 2010; Tower, 2015). This mechanism
is executed without detrimental effects on the neighbouring cells as

cellular and tissue homeostasis, maintaining cell

the process does not release cellular components into the
surrounding tissue environment (Alberts et al., 2002; Kurosaka
et al, 2003). The mitochondrial-mediated apoptosis pathway is
initiated due to various death signals (Ravindran et al, 2011).
The Bcl-2 family proteins are also critical in regulating the
apoptosis mitochondrial
membrane permeability and Ca+2 influx, releasing cytochrome c,

progression by influencing the
blocking electron transfer between complexes IIT and IV of the
electron transport system, and preventing ATP generation.
Cytochrome C is released from the mitochondria to the cytosol
and activates Apaf-1, forming an “apoptosome” complex along with
caspase-9, following cleavage and activation of the effector protease,
caspase-3, leading to apoptosis. The pro-apoptotic and anti-
apoptotic proteins trigger apoptosis or terminate the apoptosis
progression by influencing the mitochondrial membrane
permeability transition pores (mPTP), which is shown in

(Figure 2) (Pollack and Leeuwenburgh, 2001; Eberle and Hossini,

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1384966

Somasundaram et al.

10.3389/fphys.2024.1384966

_______

y 4
z Aging
~Tobagco/ ,  Clonal
expansion

Smoking

Lentivirus

| Adeno-associated
virus

Viral load

M Genetic

variations

S .5

Clonal expansion

Mutation

H -
~ _ Clonal expansion  _

~
_—

FIGURE 2

—_—— -

-

The figure represents the mitochondrial role leading to cell apoptosis and its association in aging.

2008). These observations (Srivastava, S., 2017) suggest that the
mitochondrial apoptosis pathway plays a pivotal role in the aging
process and pathology associated with age-related diseases.
Additionally, mtRNA can cause apoptosis independently through
the NF-kB and cGAS-STING pathways (Decout et al., 2021). If the
permeability of the mitochondria increases, they will release
apoptosis-inducing factors (AIF) which, when released into the
cytoplasm or nucleus, can damage DNA and ROS, triggering
apoptosis (Camplejohn et al., 2003; Sevrioukova, 2011).
Age-associated alterations in Mitochondrial Dynamics and the
role of mitokines in aging: The mitochondrial network is regulated
by the complex fission, fusion, and distribution events, which are
essential for normal mitochondrial functions (Roy et al.,, 2015). A
fine balance between mitochondrial fusion and fission events is
maintained to optimize mitochondrial function. Mitochondrial
fusion events are responsible for fusing mitochondrial contents to
reduce the impact of damaged mtDNA and proteins (Silva Ramos
et al.,, 2019). On the other hand, mitochondrial fission events are
responsible for removing damaged mitochondrial contents by
selective mitochondrial autophagy (Rubinsztein et al, 2011;
Papackova, and Cahova, 2014). Mitochondrial biogenesis is a
complex process regulated by the coordination of nuclear and
mtDNA and triggered by factors such as hypoxia, caloric
restriction, fasting, cold, physical exercise and hormonal
stimulation. PGC-la, PGC-1f, and PGC-1 are the family of
PGC-1 proteins that activate mtDNA transcription; PGC-1a is
regarded as the primary regulator of mitochondrial biogenesis.
Further, the nuclear transcription factors nuclear respiratory
factor-1 (NRF-1), NRF-2, and estrogen-related receptor-a (ERR-a)
are stimulated, and TFAM, the last effector of mtDNA transcription
and replication, is expressed more frequently. The pathway is started
by PGC-1a activation (either by phosphorylation or deacetylation).
NRFs and ERRa modulate the expression of mitochondrial
transcriptional ~ factors and regulate the expression of
mitochondrial respiratory subunits to initiate the process of
biogenesis (Scarpulla, 2008; Zhu et al, 2013; Wang J. et al,
2020). There is an intricate balance between mitochondrial
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biogenesis and mitophagy, and defects in these mitochondrial
dynamics may lead to alterations in mitochondrial and cellular
functions. Altered mitochondrial dynamics have implications in the
modulation of cellular processes that might be associated with aging
(Terman et al., 2010).

Impaired mitochondrial dynamics have been implicated in age-
associated changes due to functional and structural changes in
mitochondria (Cedikova et al., 2016). According to a few studies,
age-associated structural and functional mitochondrial defects have
been observed in skeletal muscles, liver, kidney, heart, brain,
diaphragm muscles, bone and fibroblasts (Yen et al, 1989
Shigenaga et al., 1994; Crane et al., 2010; Terman et al., 2010;
Mahmoud and Hegazy, 2016; Marycz et al., 2016; Shum et al,
2016; Palomera-Avalos et al., 2017). In another study, a decline in
mitochondrial density was observed in skeletal muscles with age
progression (Crane et al.,, 2010). Mitochondrial fusion is mainly
facilitated by two mitofusins, Mfnl and Mfn2. These two mitofusins
are on the outer membrane of mitochondria and play an important
function in mitochondrial membrane fusion (koshiba, et al., 2004).
According to one study, loss of Mfnl and Mfn2 in mice increases
mtDNA mutations in skeletal muscles, suggesting that mitofusins
are important for mitochondrial integrity (Chen et al., 2010).

Moreover, decreased expression of Mfn2 protein and mRNA in
the frontal cortex has been reported in patients with Alzheimer’s
disease (Chen et al., 2010; Manczak et al., 2011). Age-associated
defects
mitochondrial structure and functions, have been reported in

in mitochondrial dynamics, along with impaired
various studies, indicating the importance of mitochondrial
dynamics in health and aging.

Another important aspect of mitochondrial dynamics involves
the cross-talk between mitochondria of distant cells under stress
conditions through signalling molecules called mitokines. Mitokines
include molecules expressed in the nucleus such as Fibroblast
growth factor 21 (FGF21) and Growth Differentiation Factor-15
(GDF15) as well as mitochondrial derived peptides like humanin
(HN) (Burtscher et al., 2023). Mitokines are essential factors to

ensure cellular vitality and mitochondrial functions under stress
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conditions and other external stimulus in the form of exercise and
diet (Burtscher J, et al., 2023). Mitochondria modifies its functions
through metabolic reprogramming and epigenetic remodelling
upon oxidative stress, impaired, ETC or proteotoxic stress
generated by unfolded proteins (Mottis et al., 2019; Boos et al.,
2020; Zhou et al., 2022). The dysregulation in mitokines signalling in
the form of mitokines resistance or mitokines synthesis results in
development of age-related decline in physiological functions and
manifestation of metabolic, cardiovascular or neurological diseases.
The plasma concentrations of FGF21 and GDFI15 have increased
with aging in humans and have been correlated to cardiovascular,
metabolic and neurological diseases (Youm et al., 2016; Conte et al.,
2019). Furthermore, mitokines such as HN and mitochondrial ORF
of the 128 rRNA type-c (MOTS-c) play a protective role against
cellular stress and inflammation. Additionally, HN has been shown
to enhance insulin sensitivity and increase glucose transported 4
(GLUT4) expression in rodent model of diabetes (Lee et al., 2015;
Wu et al.,, 2022). The levels of circulating HN are upregulated in
aging individuals, suggesting its protective role against age-
associated metabolic complications (Conte et al., 2019). Improved
balance in mitokines level has been reported in individuals
performing regular moderate to intensive exercise leading to
improved cellular function and longevity (Taniguchi et al., 2016;
Zhang et al., 2019). The role of mitokines in aging need to be
characterized through intensive research to develop mitokines based
therapeutic strategies against aging.

Mitophagy and aging

Autophagy is the controlled process associated with recycling
components of the cell by delivering them to the lysosome for
degradation under special circumstances such as nutrient starvation,
dysfunction of particular cellular components, removal of cellular
protein aggregates, control of cellular biomass, and elimination of
intracellular pathogens (Ohsumi, 2014). Autophagy has been studied
extensively concerning the aging process as a decrease in autophagy has
been observed with aging (Rubinsztein et al., 2011; Madeo et al., 2010).
Autophagy of mitochondria is known as mitophagy, which occurs
during nutrient starvation, selective removal of mitochondria during
differentiation of cells such as sperms, ocular lens cells, and red blood
cells, as well as for the removal of dysfunctional mitochondria (Sato and
Sato, 2013; Costello et al., 2013; Mortensen et al., 2010; Lemasters,
2005). Mitophagy has been associated with several conditions such as
oxidative stress, hypoxia, defect in the electron transport chain,
accumulation of protein aggregates, and iron starvation. Impairment
in the mitophagy process has been associated with various pathological
conditions, including aging and aging-associated diseases such as
neurodegenerative diseases, cardiovascular diseases, and cancer
(Chen et al.,, 2020; Evangelou et al., 2023).

The major regulator of mitophagy of dysfunctional mitochondria is
PTEN-induced putative kinase 1 (PINK-1), and this process is also
known as PINK1-mediated mitochondrial quality control (Wall et al,,
2019). A defect in membrane potential dissipation prevents PINK-1
degradation followed by its autophosphorylation, which activates E3-
ubiquitin ligase Parkin. Parkin promotes the ubiquitination of
mitochondrial membrane proteins, further phosphorylated by

PINK1. These phosphorylated polyubiquitination chains are
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recognized by adaptor proteins of core autophagy machinery such
as p62 and OPTN, which further interacts with LC3 and initiates
autophagosome formation around dysfunctional mitochondria, which
is further fused with lysosome, leading to autolysosome formation and
ultimately undergoes degradation (Palikaras et al, 2018). A widely
studied pathway for mitophagy involves the PINK1/Parkin mechanism,
wherein PINK1 recruits Parkin to dysfunctional mitochondria,
triggering their degradation. However, aside from PINKI1/Parkin-
mediated mitophagy, alternative pathways exist that operate
independently. One such pathway is SLR-independent mitophagy,
wherein damaged mitochondria are identified by specific receptors
like NIX/BNIP3L and FUNDCI. These receptors then engage with the
autophagy machinery to facilitate degradation. In contrast, SLR-
independent mitophagy pathways utilize different mechanisms for
recognizing and targeting dysfunctional ~mitochondria  for
degradation. These pathways represent diverse strategies within cells
for maintaining mitochondrial quality control and cellular homeostasis
(Ganley and Simonsen, 2022).

Various studies involving model organisms such as Caenorhabditis
elegans and Drosophila melanogaster have demonstrated defects in
mitophagy and its implications for the health and lifespan of the
organism (Bakula and Scheibye-Knudsen, 2020). Moreover, a study
in transgenic mice expressing the fluorescent mitophagy reporter mt-
Keima suggested that with age, there was a decrease in the mitophagy in
the hippocampus region of the mouse brain (Sun et al,, 2015). Also,
decreased mitophagy has been observed in mouse hearts, and its
implications in heart aging have been documented (Hoshino et al,
2013). Further association between defects in mitophagy and
cardiovascular diseases has been reported, suggesting the role of
decreased mitophagy in aging and age-associated diseases (Bravo-
San Pedro et al, 2017). Decreased mitophagy has been reported to
contribute to the pathogenesis of several age-associated disorders such
as Parkinson’s disease, Alzheimer’s disease, cardiomyopathies, and
cancer (Bernardini et al, 2017; Fivenson et al, 2017; Levine and
Kroemer, 2019). The exact mechanism underlying decreased
mitophagy in the aging process and age-associated diseases is still
unclear, and more comprehensive studies are required to delineate
detailed mechanisms.

Moreover, several researchers have attempted to target
mitophagy as an effective strategy for developing anti-aging
therapeutics (Bakula and Scheibye-Knudsen, 2020). Further
analysis reveals that in the mito-QC reporter mouse, mitophagy
in multiple organs appears to either increase or remain unchanged
in older mice compared to younger ones. Transcriptomic analysis
reveals a significant upregulation of the type I interferon response in
the retina of older mice, which is associated with elevated levels of
cytosolic mtDNA and activation of the cGAS/STING pathway
(Boya, 2024; Jiménez-Loygorri et al., 2024).

Association of mitochondrial
dysfunction with other
hallmarks of aging

Increased mitochondrial ROS production in aging cells
contributes to another hallmark of aging apart from genomic
instability and telomere attrition: epigenetic alterations. Increased
levels of cellular ROS affect the DNA methylation status,
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contributing to age-associated modifications in epigenetic signatures
(Liu L et al, 2002; Kietzmann et al, 2017). Increased ROS
production due to age-associated mitochondrial dysfunction leads
to 8-hydroxylamine (8-OHdG) DNA lesions, further inhibiting
DNA methylation. These 8-OHdG lesions caused by increased
ROS production are the major reason behind altered DNA
methylation patterns observed during aging (Turk et al., 1995).
Proper mitochondrial and cytosolic proteostasis is important for
healthy aging and longevity (Molenaars et al., 2020). mTOR is the
key molecule of the nutrient-sensing pathway. It is a key regulator of
mitochondrial activity, biogenesis, and dynamics (Morita et al.,
2013; Morita et al, 2017). mTOR is an important serine/
threonine kinase involved in cellular pathways regulating growth
and proliferation. By stimulating the synthesis of mitochondria-
related proteins encoded in the nucleus, mTOR regulates the energy
generation of the mitochondria and the energy consumption of the
mRNA translation machinery. Research shows that by promoting
the synthesis of mitochondrial transcription factor A (TFAM),
mitochondrial ribosomal proteins, and elements of complexes I
and V, mTOR regulates mitochondrial activities. By inducing the
synthesis of TFAM, mitochondrial ribosomal proteins, and elements
of complexes I and V, mTOR regulates the activities of mitochondria
(Morita. M., 2015). Furthermore, the nutrient-sensing mechanism/
mammalian target of rapamycin complex 1 (mTORCI) plays a role
in mitochondrial fission and apoptosis by stimulating the translation
of mitochondrial fission process 1 (MTFP1) (Morita et al., 2015).
The study (Zorov et al, 2014) highlights that both genetic
interventions and pharmacological treatments targeting reactive
oxygen species (ROS) resulting from dysfunctional mitochondria
have demonstrated the normalization of several disease-related traits
across different species. Additionally, dietary caloric restriction (CR)
has proven effective and has recently been shown to decelerate the
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aging process in humans. Conversely, genetic modifications aimed
at altering mitochondrial dynamics have vyielded conflicting
outcomes, potentially due to variations specific to cells, tissues,
and the particular neurodegenerative diseases under investigation
Figure 3 (Scott et al., 2019).

Another aspect of aging affected by mitochondrial dysfunction is
cellular senescence. Oxidative stress generated by a defect in
mitochondrial components induces cellular senescence (Moiseeva
et al, 2009). Cells become senescent when they enter a non-
proliferative state while remaining active metabolically. High levels
of ROS characterize the senescent state as a result of mitochondrial
deregulation. Conversely, mitochondrial deregulation can drive cellular
senescence (Yoon et al.,, 2003; Yoon et al., 2006; Byun et al.,, 2012).
Abrupted energy transduction pathway, imbalance in mitochondrial
dynamics, increased AMPK activity, and deregulation of mitochondrial
calcium homeostasis may lead to cell cycle arrest (Ziegler et al., 2015).
Increased ROS production has been shown to increase the rate of
telomere shortening in cells and trigger the onset of cellular senescence
through sustained DNA damage response (Passos et al., 2007; Chen
etal., 2015; Davalli et al,, 2018). Apart from this, defect in mitochondrial
dynamics is also associated with the induction of cellular senescence
(Lee et al., 2007).

Nicotinamide adenine dinucleotide (NAD) is a metabolite well
implicated in senescence. NAD + acts as an electron carrier during the
process of oxidative phosphorylation. The ratio of NAD+/NADH
becomes low in cells undergoing senescence due to mitochondrial
dysfunction (van der Veer et al, 2007; Lee et al, 2012). The lower
NAD+/NADH ratio has been suggested to arise due to reduced
cytosolic malate dehydrogenase levels, which utilize NADH to
convert oxaloacetate to malate during oxidative phosphorylation.
Low NAD+/NADH ratio also triggers senescence through p53 by
activating 5’ AMP-activated protein kinase (AMPK) (Jones et al,
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2005). The cellular senescence driven via various factors of
mitochondrial ~ dysfunction  has
mitochondrial ~ dysfunction-associated (MiDAS)
(Chapman J. et al, 2019). Cells undergoing MiDAS are
characterized by lower NAD+/NADH ratios, leading to cell growth
arrest and IL-1-associated senescence-associated secretory phenotype
(SASP) (Wiley et al,, 2016). Along with other aging-related hallmarks,
stem cell exhaustion is associated with increased ROS production (Jang
and Sharkis, 2007). A study in mitochondrial mutator mice
demonstrated neuronal and hematopoietic stem cell dysfunction
(Trifunovic et al., 2004).

been  collectively  termed

senescence

Targeting mitochondrial dysfunction as
an anti-aging therapeutic strategy

There is a need to improve health and increase the life
expectancy of the aged population. As a result, current
biomedical research has been heavily focused on aging to identify
potential targets for prolonging human health and lifespan
(Madreiter-Sokolowski et al., 2018). Interventions like caloric
restrictions, exercise, and pharmacological therapies have been
studied, which can effectively improve health and slow down
phenotypes of the aging process (Madreiter-Sokolowski et al.,
2018; Nilsson and Tarnopolsky, 2019). Studies show that
mitochondrial dysfunction is one of the most important aspects
of aging and age-related disorders (Morita et al., 2013; Wu et al,,
2022). Current research in developing effective therapeutic
interventions and strategies for treating aging phenotypes and
aging-associated diseases is inclined to utilize mitochondrial
dysfunction as an effective target (Nicolson and Ash, 2017;
Balcazar et al,, 2020; Rai et al., 2020; Zimmermann et al., 2021).

Behavioral interventions such as caloric restriction and exercise
are widely studied for delaying the aging process. Their association
with mitochondrial biogenesis and function has been established in
various model organisms (Madreiter-Sokolowski et al., 2018).
Caloric restriction has been known to improve mitochondrial
respiration, reducing ROS production (Madreiter-Sokolowski
2018). this, caloric restriction promotes
mitochondrial biogenesis by activating AMPK signaling,
activating SIRT1 and TFAM, and increasing mtDNA replication

et al, Besides

and transcription (Civitarese et al., 2007). However, further studies
are required to determine the time of caloric restrictions in different
individuals for optimum output related to improving health and
delay in the cellular aging process. Besides caloric restriction,
exercise is another behavioral intervention that has been reported
to improve health and lead to delays in the aging process by
influencing mitochondrial functions (Nicolson and Ash, 2017;
Balcdzar et al., 2020). According to a study in mice, PGC-1a and
mitochondrial SIRT3 get downregulated with aging, which was
further normalized by exercise, leading to an improved ROS
2016). These
observations suggest that a combination of caloric restriction and

defense mechanism (Gioscia-Ryan et al,
regular exercise might improve health and delay aging by improving
overall mitochondrial functions.

Various pharmacological molecules targeting mitochondrial
dysfunction have been identified, with potential anti-aging

properties. Polyphenols such as resveratrol and green tea
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polyphenols have been reported to extend lifespan in various
model organisms, including mice (Rai et al, 2020). Resveratrol
improves mitochondrial function by SIRTI1-dependent activation
of AMPK in mouse models (Price et al, 2012). Apart from
polyphenols, natural and synthetic compounds are reported to
improve mitochondrial functions. Natural compounds such as
Urolithin A, a gut metabolite of ellagic acid, have been widely
studied for their anti-aging activity in model organisms such as
C. elegans and rodents (Price et al., 2012).

Moreover, Urolithin A has been reported to improve human
mitochondrial and cellular health (Andreux et al., 2019). Apart from
Urolithin A, the potential anti-aging activity of Actinonin and
Polyamine spermidine via mitophagy induction has been
reported (Bakula and Scheibye-Knudsen, 2020). N-3 fatty acids
have also been studied to determine their anti-aging properties
via improved mitochondrial ATP production and increased
mitochondrial protein synthesis (Madreiter-Sokolowski et al.,
2018). Melatonin has a multifaceted role as a free radical
scavenger and a modulator of gene expression of antioxidant
enzymes such as glutathione peroxidase and glutathione
reductase, thus aiding in reducing oxidative damage (Ding et al.,
2014; Kopustinskiene and Bernatoniene, 2021). It acts on
mitochondrial uncoupling proteins (UCPs) and dissipates the
proton gradient across the inner mitochondrial membrane (Agil
et al., 2015; Tan, et al, 2016). The Chinese herb Scutellaria
Baicalensis yields the flavonoid baicalein, which is a strong
antioxidant and free radical scavenger while preventing the
deposition of amyloid protein aggregates.

(Sonawane et al., 2019; Wang et al., 2021; Markovi¢ et al., 2011).
More comprehensive studies are required to utilize these natural
compounds as an effective anti-aging treatment to promote
mitochondrial functions and reduce oxidative stress caused by
mitochondrial dysfunction, as shown in Figure 4.

Apart from natural compounds, various synthetic compounds
have been identified which demonstrate anti-aging activity by
targeting mitochondrial ~functions. Randomized trials and
population studies using natural antioxidants have produced poor
results despite a substantial body of epidemiological and clinical data
suggesting that antioxidant-rich diets lower blood pressure and
cardiovascular risk (Kizhakekuttu and Widlansky, 2010). Apart
from synthetic antioxidants, AMPK pathway activators, AICAR,
and metformin have been identified as potential drugs for anti-
aging therapy (Madreiter-Sokolowski et al., 2018). These AMPK
pathway activators mimic the caloric restriction effects in the cells
and lead to improved mitochondrial biogenesis, which further
contributes to anti-aging properties (Toyama et al, 2016; Stancu,
2015). These studies suggest that targeting mitochondrial dysfunction
and improving mitochondrial biogenesis could be a possible mode for
developing anti-aging therapies. Furthermore, induction of
mitophagy by behavioral interventions and treatment with natural
and synthetic compounds might prove helpful in improving overall
health and increasing life expectancy in the future.

Another approach to promote healthy aging in individuals has
been directed towards cellular senescence. Therapeutics targeted
against senescent cells are categorized into senolytics, ie., killing
senescent cells, and senomorphics/senostatics, i.e., targeted towards
inhibition of SASP secretions (Atayik, and Cakatay, 2022; Nehlin,

2023; Van Deursen, 2014). Senolytic treatment has shown numerous
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beneficial effects in the form of improved genomic stability, alleviation
of telomere attrition, mitochondrial dysfunction, and inflammatory
response (Cho et al., 2023). Quercetin has been used as a senolyte
which has been shown to induce AMPK-mediated apoptosis to
eliminate senescent vascular smooth muscle cells and endothelial
cells along with promoting mitophagy and NRF2-NFkB signaling
(Wang L. et al, 2020; Jiang et al, 2020; Shao et al, 2022).
Additionally, combined treatment of quercetin and Dasatinib is
effective in improving overall cellular functions in aged hosts,
decreasing the secretion of pro-inflammatory cytokines in human
adipose tissues, and reducing senescent cell burden (Xu et al,, 2018;
Camell et al,, 2021; Saccon et al,, 2021). Fisetin is another flavonoid
molecule present in various fruits and vegetables, known to exhibit
senolytic effect (Khan et al., 2013). Additionally, fisetin facilitates the
activation of Nfr2 in HUVECS, leading to hemeoxygenase one
mediated antioxidant response (Yousefzadeh et al, 2018; Kwak
et al, 2014). Piper longumine, an alkaloid in long peppers, inhibits
platelet aggregation and thrombus formation (Chatterjee and Dutta,
1967; Iwashita et al., 2007). It has shown that the regulation of platelet-
derived growth factor BB (PDGF-BB) mediated mitochondrial fission
and mitochondrial protection in the case of hyperproliferation vascular
phenomena (Salabei and Hill, 2013). Overall, the combination of
various therapeutics interventions and senotherapeutic drugs can be
effective in restoring mitochondrial functions and balancing
mitochondrial dynamics, thereby targeting the mitochondria-
associated aging phenotype to promote healthy aging.

Interestingly, TCA cycle metabolites can exhibit effects that
oppose  senescence.  For

example, a-ketoglutarate  has

demonstrated senomorphic properties by diminishing the SASP
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in senescent fibroblasts and extending the health span and
lifespan in aged mice (Liao et al., 2021).

To begin, numerous senolytic medications presently under
development exert their influence by focusing on anti-apoptotic
proteins situated within mitochondria, which obstruct apoptosis
driven by mitochondria. Senolytic drugs produce their senolytic
impact by directing the anti-apoptotic B-cell lymphoma 2 (BCL-2)
protein family within mitochondria (Basu, 2022; Martini, and
Passos, 2023).

Conclusion and future perspective

Mitochondria is a central organelle involved in the maintenance
of cellular and physiological wellbeing, which contributes to cellular
energetics and other important cellular processes such as cell
signaling, calcium homeostasis, cell growth, and apoptosis.
Systemic deterioration in mitochondrial components, functions,
and dynamics has been associated with aging. Accumulation of
mutations in mtDNA leads to increased production of defective
mitochondrial proteins and increased ROS production. A further
contribution of increased ROS production and activation of the
mitochondrial apoptotic pathway in aged cells leads to systemic
deterioration of various tissues, decreasing overall organ and tissue
functions, including muscle, heart, liver, and brain function.
Defective mitochondrial proteostasis has been associated with
altered cellular functions in aging cells.

The decreased rate of mitophagy in aged cells further contributes
to the accumulation of defective mitochondria and their effect on an
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organism’s cellular and overall health. The association of increased
mitochondrial dysfunction with other hallmarks of aging makes it a
possible target for developing therapies for treating aging
phenotypes and associated disorders. Behavioral interventions
and pharmacological compounds targeting mitochondrial
dysfunction have increased hope in designing future therapeutic
management of aging phenotypes and related diseases. Various
therapeutic natural and  synthetic molecules targeting
mitochondrial functions have been studied for their implications
on aging. There is still a need to identify the detailed molecular
mechanism behind mitochondrial dysfunction, including the
decrease in mitophagy in aging cells and their association with
the
interventions targeting mitochondrial dysfunction for treating

pathologies associated with aging and age-related diseases, more

overall aging process. Despite promising therapeutic

comprehensive molecular and clinical studies are required to
effectively utilize mitochondrial dysfunction as a target for anti-
aging therapies.
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