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Abstract
Background  Mitochondria are critical for cellular metabolism, signaling, and health throughout life. Evidence 
increasingly links age-related mitochondrial dysfunction to a progressive decline in tissue homeostasis. Mitochondrial 
dysfunction is caused by various mitochondrial DNA (mtDNA) structural and genetic alterations, impaired oxidative 
phosphorylation, and increased reactive oxygen species (ROS) production. Advances in high-resolution sequencing 
have revealed vulnerabilities and mutation signatures in tissues previously unknown, reinforcing the precarious 
balance between mitochondrial damage and injury compensatory response.

Main body  Age-related changes in mitochondrial dynamics, including fission, fusion, and cristae remodeling, 
are closely related to declining bioenergetic efficiency and cell survival. Disruption of crucial mediators (Drp1, 
MFN1/2, OPA1) drives cristae degeneration, mimicking pathogenic changes seen in human mitochondrial disorders. 
Additionally, nutrient and stress sensing pathways, including PGC-1α, AMPK, sirtuins, and mTOR, coordinate 
mitochondrial biogenesis and metabolic flexibility, linking the energetic status of the organism to the maintenance 
of organelles. Mitophagy is an important quality-control mechanism that removes damaged mitochondria through 
the PINK1-Parkin pathway and receptor-mediated pathways involving BNIP3, NIX, and FUNDC1. With aging, this 
waste-management system deteriorates, compounded by increased ROS and decreased NAD+. Dysregulation of 
NAD+ metabolism alters the coordination between mitochondrial bioenergetics and signaling. Age-related NAD+ 
depletion is associated with mitochondrial decline, and preclinical and clinical studies have shown varying, yet 
moderate medical promise of NAD⁺ precursors including NMN and NR. Several intervention options have emerged, 
including mitochondria-targeted antioxidants (e.g., MitoQ), mitophagy-activating compounds (e.g., urolithin A), NAD⁺ 
precursors, senolytics, and gene-based strategies. Despite some progress, challenges remain in establishing reliable 
biomarkers, developing targeted delivery, and assessing long-term safety. Combating the hindrance of mitochondrial 
clearance and restorative pathways appears paramount for reinstating organelle function.

Conclusion  Interconnected deficits in genomic stability, dynamics, metabolism, and quality-control systems 
ultimately cause age-related mitochondrial degeneration. A better understanding of how these approaches into 
sustained clinical outcomes will require rigorous diagnostic tools and testing interventions. Combining pathways for 
mitochondrial clearance, degradation, and restoration appears highly promising for countering the effects of aging.
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​​Introduction
The ageing process gradually leads from molecular, cellu-
lar, and systemic functional decline to increased suscep-
tibility to chronic illnesses and diseases. Mitochondrial 
dysfunction is one of the major biological mechanisms of 
ageing and has been associated with several age-related 
conditions such as neurodegenerative disorders, cardio-
vascular disease and metabolic syndrome [1, 2]. Because 
mitochondria generate cellular energy, maintain redox 
balance, and support intracellular signaling, they play 
a central role in determining both health span and life 
span.

During the ageing process, mitochondrial genetics, 
structure and function will exhibit a large amount of 
remodeling across the various tissues within our bodies. 
Mitochondrial ageing is characterized by the build-up 
of mutated and deleted mitochondrial DNA (mtDNA), 
resulting in decreased efficacy in the process of oxida-
tive phosphorylation, whereby ATP is produced [3]. 
The simultaneous rise in production of reactive oxygens 
(ROS) will cause additional oxidative degradation to the 
structures within the mitochondria as they continue to 
degrade in functionality.

Most of the information regarding mitochondrial aging 
has been acquired through research on animal models. 
Animal model studies have been crucial in developing an 
understanding of the relationship between mitochondrial 
(mt) function and different conserved pathways that are 
involved in the regulation of cellular longevity. Scientists 
have used various factors (e.g., genetic and environmen-
tal) to study the interaction between mitochondria and 
animal cellular health; however, it remains essential for 
researchers to distinguish between evidence from animal 
experiments and that from human studies [4–6].

Human aging has many genetic factors, as opposed to 
environmental factors and long-term aging. As a result, 
it will be even more difficult to establish cause-and-effect 
relationships. For the most part, the evidence regarding 
human aging comes from: observational studies; evalua-
tions of post-mortem tissue samples; studies of inherited 
mitochondrial disorders; and recent randomized con-
trolled trials where interventions focus on the mitochon-
drial pathway, through such methods as the metabolism 
of NAD⁺ and the provision of energy to cells [7–9]. While 
a large portion of mitochondrial aging characteristics 
have comparable counterparts across species, to imple-
ment these discoveries derived from computerized spe-
cies to those of Homo sapiens would require thorough 
analysis of both the metabolic capabilities and tissue 
composition of each species. Furthermore, it is critical to 
appreciate these differences when interpreting research 
results and designing mitochondria-targeted therapies 
that will be clinically applicable.

In research performed using newer technologies to 
conduct many tests at once and examine the DNA from 
one cell at a time, it has been demonstrated that the 
mutations in the mtDNA vary depending on the type of 
body tissue in which they exist, and for the most part, 
those mutations are not expressed until the need for 
increased energy output exceeds the ability of the mito-
chondria to compensate with additional mtDNA replica-
tion activities [10]. The data demonstrate that mtDNA 
pathogenicity can complicate mitochondrial genetic 
population dynamics, making tissues more prone to the 
pathogenic effects of naturally occurring (age-related) 
mtDNA mutations (both latent and clonally expanded) 
as they begin to present themselves. Additionally, in 
addition to the genetic instability present in mtDNA, it 
should be noted that the mitochondria’s capacity to gen-
erate energy (bioenergetic competence) and their struc-
tural integrity are also modulated by dynamic processes 
that dictate how these organelles appear and how often 
they are renewed.

Mitochondrial dynamics, which encompass processes 
such as fission, fusion, and the remodeling of cristae, play 
a crucial role in sustaining proper function and adapting 
to metabolic stress. The age-related imbalances in these 
processes promote increased fragmentation, altered cris-
tae structure and diminished ability to efficiently respire. 
The protein mis regulation of factors that regulate mito-
chondrial architecture has a major effect on the age-
related dis-functioning and illness of mitochondria [11, 
12]. These structural abnormalities further sensitize the 
mitochondria to damage and reduce their capacity for 
functional renewal.

Cells employ quality control mechanisms to preserve 
the integrity of their mitochondria, with a prominent 
quality control mechanism being mitophagy. Mitochon-
drial dysfunction (e.g., damaged) is removed via the 
PINK1-Parkin pathway through selective removal and a 
variety of receptor-mediated pathways (e.g., BNIP3, NIX, 
FUNDC1) to support the preservation of cell homeosta-
sis. However, as we get older, there is a decrease in the 
efficiency of mitophagy, which ultimately results in an 
accumulation of dysfunctional organelles, a diminished 
ability to switch between different metabolic pathways, 
and an increase in oxidative stress [13]. The decline in 
mitophagic efficiency coincides with changes to nutri-
ent- and stress-sensing pathways that regulate both mito-
chondrial biogenesis and turnover as we age.

Central to all of these pathways are the NAD⁺, which 
is a co-factor critical to maintaining redox balance, mito-
chondrial metabolism and longevity-associated signal-
ing pathways. As aging progresses, NAD+ (Nicotinamide 
adenine dinucleotide) levels are decrease, hence sirtuins, 
AMP-activated protein kinase (AMPK) and PGC-1 alpha 
activity is decreased but mTOR (mechanistic target of 
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rapamycin) signaling is dysfunctional affected [14]. The 
use of NMN and NR has demonstrated beneficial effects 
on muscle; however, clinical results to date have demon-
strated a mixed and context-dependent response to sup-
plementation with these metabolites [15].

Mitochondria are not simply passive targets of the age-
ing process; they are actively involved with defining an 
organism’s longevity and health. This new understand-
ing has created significant interest in the potential use 
of mitochondrial-targeting therapies to enhance lon-
gevity by restoring mitochondrial function/supply of 
NAD⁺; mitochondrial-type antioxidants, such as MitoQ; 
mitophagic-enhancing agents, such as urolithin A; seno-
lytic therapies, and genetic engineering/reprogramming 
of mitochondrial pathways and function [16, 17]. Addi-
tionally, despite the progress being made with respect 
to mitochondrial-targeted therapies, significant barriers 
exist, such as developing reliable biomarkers, developing 
targeted delivery systems and determining the long-term 
safety and effectiveness of these therapies.

Recent research indicates that declining ability to adjust 
to changes in the environment (i.e., mitochondrial func-
tion) is an indication of a lack of ability to adapt, rather 
than just damage accumulating over time: (a) detection of 
damage, (b) quality control of damaged components, and 
(c) bioenergetic remodeling to meet increased demand 
[1, 2, 10]. In this model, mtDNA instability, altered 
dynamics of mtDNA, decreased ability to efficiently 
remove damaged mitochondria through mitophagy, 
and the disruption of metabolic signaling are not com-
pletely separate; rather, they function together as part 
of a larger regulatory network, and their coordination 
decreases with age. Many of the changes to mitochondria 
observed with age may represent an initial compensatory 
response that becomes maladaptive when engaged over a 
prolonged period or inadequately resolved [18, 19]. The 
model outlined above reconciles some of the conflicting 
results reported in the literature regarding the effects 
of reactive oxygen species, mitochondrial fusion, and 
mitophagy. Additionally, this model clearly distinguishes 
the primary causes of mitochondrial dysfunction from its 
secondary effects and failed adaptations. Understanding 
mitochondrial aging as a broadening, system-wide loss of 
adaptability underscores the criticality of therapies that 
restore the overall mitochondrial environment to a state 
of homeostasis, rather than focusing on one or two dis-
tinct pathways in need of restoration.

This review discusses a conceptual framework that 
views mitochondria as a central regulatory hub and 
an integration point for cellular pathways involved in 
genetic, metabolic, and quality-control functions. Under 
this model, mitochondria coordinate dynamic changes 
in mtDNA, metabolic signaling, including NAD+, and 
mitophagy, thereby preserving cellular resilience through 

coordinated adaptation. The ageing process does not rep-
resent a failure of a single process, but rather a progres-
sive reduction of the ability of mitochondria to process 
information and adapt to environmental changes from 
an integrated network of pathways. The review will also 
focus on mtDNA disturbances; the dynamics of mito-
chondrial function and mitophagy; the role of signal-
ing pathways involved in mitochondrial biogenesis and 
mitophagy, and their ability to restore or enhance mito-
chondrial health; and, lastly, the potential use of these 
therapies as novel anti-ageing strategies.

Foundational and conceptual frameworks of aging
Aging is a universal biological process marked by a 
decline in cellular and organismal function, increasing 
the risk of disease and death. Research into the causes of 
aging is ongoing, but the process itself cannot be stopped. 
The complex process of aging involves many cellular and 
molecular pathways, many of which are also linked to 
age-related diseases. Over the last 20 years, ideas such 
as the “hallmarks of aging” have provided a structured 
framework for studying aging [1]. At the same time, 
mitochondria, which are essential organelles that help 
with energy metabolism, signaling, and apoptosis, have 
become important in both normal and disease-related 
aging [2, 3]. New research is helping us understand how 
mitochondrial function, oxidative stress, inflammation, 
and systemic aging all work together [4, 5].

The hallmarks of aging as a framework
Lopez-Otin and his team did a groundbreaking review in 
which they grouped the aging process into nine related 
traits. Genomic instability, telomere attrition, epigenetic 
modifications, proteostasis loss, dysregulated nutrient 
sensing, mitochondrial dysfunction, cellular senescence, 
stem cell depletion, and altered intercellular commu-
nication are among them. This field demonstrated the 
interrelation of these characteristics through a cohesive 
theoretical framework. Genomic instability is a sign of 
mitochondrial dysfunction. It happens when there are 
more reactive oxygen species (ROS), when metabolism 
fails, which speeds up aging, and when mitochondrial 
damage-associated molecular patterns (DAMPs) are 
released [1].

The hallmarks framework helps learn how to commu-
nicate with people. Caloric restriction, NAD+ boosters, 
and mitochondrial-targeted antioxidants are examples of 
therapies that may be linked to one or more hallmarks. 
We can now study how aging systematically affects 
biology.

Mitochondria as central players in aging
Mitochondria not only provide the cell with energy, but 
also help it stay alive by monitoring and controlling how 
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metabolic syndrome, cardiovascular disease, and demen-
tia. Srivastava noted that signs of mitochondrial decline 
include reduced ATP production, disturbances in mito-
chondrial dynamics (fusion/fission), defects in mitoph-
agy, and abnormal ROS signaling. These problems feed 
on each other, accelerating the system’s death [2, 21].

Mitochondrial failure is a significant part of aging and 
interacts with other signs of aging. For instance, when 
mTOR or AMPK signaling isn’t functioning correctly, it 
affects mitochondrial production and breakdown. When 
proteostasis isn’t working properly, the structure of the 
mitochondrial proteome is disrupted. Mitochondria are 
an essential part of aging because they bring together 
many signs of aging into one picture [1, 22].

Mitochondria, oxidative stress, and inflammation
Xu et al. demonstrate that mitochondria facilitate aging 
by generating excessive reactive oxygen species (ROS) 
and, crucially, by participating in immune signaling. 
Redox stress and inflammation are elements of “inflam-
maging.” Recent research indicates that mitochondria 
play a role in both processes. Mitochondrial damage 
activates innate immune pathways, leading to chronic 
inflammation by releasing mitochondrial DNA and other 

much energy it uses. The free radical theory, which posits 
that oxidative phosphorylation generates reactive oxygen 
species (ROS) that accumulate and damage cellular com-
ponents, was an early study that highlighted the signifi-
cance of ROS in aging. There have been advancements to 
this theory since its inception; however, it is still posited 
that bioenergetic failure, reactive oxygen species (ROS) 
imbalance, and metabolic signaling converge in mito-
chondria to induce aging [1, 20].

Bratic and Larsson demonstrated that mitochondrial 
dysfunction not only serves as a marker of aging but can 
also accelerate the aging process. Mouse models exhib-
iting deficient mitochondrial DNA (mtDNA) replication 
demonstrated a causal relationship between mitochon-
drial integrity and organismal lifespan. These mice gather 
mutations and show signs of early aging. Similarly, treat-
ments that maintain mitochondrial function often pro-
long animal lifespan. Mitochondria are not only markers 
of aging, but they also accelerate it (Fig. 1).

Expanding the mitochondrial paradigm: beyond energy 
production
More modern ideas, such as Srivastava3’s, have expanded 
the mitochondrial paradigm by linking mitochondrial 
dysfunction to specific age-related diseases, including 

Fig. 1  An overview of mitochondria and their connection to aging. The electron transport chain (ETC) complexes, cristae, and mitochondrial DNA 
(mtDNA) are at the center of this mitochondrial diagram. The “spokes” encircling the perimeter represent significant aging-related events, such as changes 
in dynamics (fission/fusion), a decrease in mitophagy, a depletion of NAD⁺, and connections to cellular senescence and inflammaging
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DNA-associated molecular patterns (DAMPs) into the 
extracellular space or the cytoplasm [23].

This mitochondrial-inflammatory axis not only accel-
erates tissue breakdown but also further harms mito-
chondria by prolonging the inflammatory response. The 
authors suggest that new ways to slow down or even 
reverse aging may involve preventing mitochondria 
from producing damage-associated molecular patterns 
(DAMPs) or reactive oxygen species (ROS). This idea 
goes beyond the organelle-centered view of the last few 
decades and puts mitochondria in the bigger picture of 
how the body and the system age [24, 25].

Mitochondrial dysfunction as a systemic driver of aging
Zhang et al. enhance the theoretical framework by illus-
trating that mitochondrial failure constitutes a sys-
temic, rather than a cell-specific, etiology of aging. Their 
research indicates that mitochondrial dysfunction affects 
numerous processes, including tissue-specific metabo-
lism, intercellular signaling, and stem cell maintenance. 
When mitochondria detect an anomaly, they signal other 
organelles in the body via messenger vesicles and metab-
olites [26].

This systemic perspective aligns with the notion that 
aging is characterized by an incremental, systemic dete-
rioration of the entire body’s systems, associated with 
organelle-level dysfunction that is disseminated through 
signaling networks. Effective therapeutic strategies to 
ameliorate age-related diseases should focus on restoring 
metabolic integration and reestablishing systemic com-
munication [26].

Integrative perspectives and implications
The hallmarks framework and the essential function 
of mitochondria are the primary concepts underlying 
research on aging. Lopez-Otin et al. [1] laid the ground-
work, and Bratic and Larsson2 emphasized the indis-
pensable role of mitochondria. Further investigations by 
Xu et al. [23] and Zhang et al. [26] expanded the focus 
to include the role of mitochondria in inflammation, 
systemic dysfunction, and inter-organ communication; 
Srivastava elucidated a link between these findings and 
human disease.

We learn more about how things work, and these mod-
els help translational science. For instance, these theo-
retical models can be utilized to evaluate the efficacy of 
NAD⁺ boosters. These antioxidants specifically target 
mitochondria, such as MitoQ, or mitophagy activators 
like urolithin A, simultaneously reducing multiple char-
acteristics [27, 28].

Finally, the link between mitochondria and aging 
is emerging as a focus of the growing body of research 
stemming from multiple theories. At the molecular and 
systemic levels, research on mitochondria has elucidated 

that these organelles contribute to the aging process [21, 
23, 29] Continued elucidation of these models provides 
a framework for advancing methodological approaches, 
therapeutic studies, and translational research. Improv-
ing healthy lifespan and slowing the effects of aging are 
closely associated with early monitoring of hallmark-
based methods in mitochondrial biology.

We suggest that mitochondria should be viewed as an 
integrated system, with a central hub coordinating the 
regulation of genomic integrity, metabolic signaling, 
organelle dynamics, and quality-control pathways. We 
propose that the decline in the continuity of mitochon-
drial information flow due to the age-associated changes 
(to the DNA of mitochondria, the alteration in fission/
fusion balance, the impediment in mitophagy, and the 
decrease in redox signaling associated with nicotinamide 
adenine dinucleotide [NAD+] levels) contributes to an 
increasingly serious loss of cellular adaptability and resil-
ience. These failures in manifestations of many hallmark 
phenotypes of aging (cellular senescence, metabolic dys-
function, impaired regeneration, chronic inflammation, 
etc.). The systems approach depicted in Fig. 2 illustrates 
how we can integrate multiple mechanistic aspects of 
the review. The systems approach highlights the variety 
of causal interdependencies among the different mecha-
nistic components and identifies several critical points at 
which therapeutic interventions could be applied.

Mitochondrial DNA integrity, mutations, and 
damage
Mechanisms of mtDNA integrity maintenance
To gain deeper insights into the mechanisms by which 
cells protect mtDNA, Kang and Hamasaki (2005) con-
ducted an exploratory study [30]. Essential elements 
for preserving mitochondrial DNA (mtDNA) integ-
rity include the nucleoid structure, various DNA repair 
mechanisms, the mitochondrial helicase Twinkle, DNA 
polymerase gamma (POLG), and mitochondrial tran-
scription factor A (TFAM). These procedures help 
identify, stop, and repair errors such as base misincor-
poration and damage caused by stress or reactive oxygen 
species (ROS) during replication. Messenger RNA lacks 
the mechanisms to repair double-strand breaks, unlike 
nuclear DNA. For instance, base excision repair is work-
ing well, but mismatch repair and nucleotide excision 
repair are either not working at all or are not working 
well [31].

Nature, types, and consequences of mtDNA mutations
mtDNA mutations affect the progression of diseases 
and the aging process, as Wallace (2010) explained, due 
to both hereditary and somatic changes. Several types 
of mutations are recognized, including point muta-
tions, insertions and deletions, large deletions, and 
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rearrangements [3]. Two types of mtDNA mutations 
are known: homoplasmic and heteroplasmic mutations. 
Homoplasmic mitochondrial mutations are present 
in each copy of a cell’s mitochondrial DNA. This sug-
gests that they can be found in both normal and mutant 
mitochondrial DNA (mtDNA). A higher level of hetero-
plasmy is associated with deteriorated OXPHOS, raised 
ROS, and cellular damage. However, in many cases, a 
low level of heteroplasmy may not be related to impair-
ments in mitochondrial or cellular function. Long-lived 

postmitotic cells, such as neurons, cardiac muscle, and 
skeletal muscle, undergo mitosis infrequently, which may 
make them more prone to mtDNA deletions. Some com-
ponents of proteins that are coded by mtDNA, like those 
that make up complex I and complex IV, are necessary 
for mitochondria to work correctly. Changes to tRNAs 
or rRNAs that alter the process of making mitochondrial 
proteins are associated with the decline of mitochondrial 
function. Wallace emphasized the significance of mtDNA 

Fig. 2  This image contains a combined concept map and a translational map relating to the effects of mitochondrial dysfunction during ageing. These 
components form a basis for theorizing how mitochondrial dysfunction will influence cellular activity/development as well as ways to treat age-related 
diseases therapeutically. The top portion of the figure represents an Integrated Concept Map detailing how mitochondria coordinate interactions 
with biological pathways associated with age-related fatality markers/traits. The mitochondrial subsystems (mtDNA structural integrity; mitochondrial 
dynamics, remodeling, and quality control; mitophagy; and NAD+-dependent redox and metabolic signaling) collaborate to form the metabolic base 
of cellular resilience. Age-related phenotype changes in the cell due to an impairment in communication among mitochondria may have resulted in (1) 
increased genomic instability; (2) metabolic dysfunction; (3) premature cell senescence; (4) inability to regenerate; and (5) a pro-inflammatory state. The 
arrows in the figure illustrate how the different types of cellular dysfunction and age-related cellular processes impact mitochondrial failure and, through 
mitochondrial failure, prompt the development of psychopathology in older persons. Highlighted intervention of interest that includes: (1) mitochon-
drial targeted antioxidants; (2) stimulation of mitophagy; (3) manipulation of dynamism or dynamics; and (4) targeting NAD + as a pharmacotherapy will 
facilitate the development of novel therapies to reinstate mitochondrial equilibrium
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mutations in various mitochondrial disorders and in age-
associated decline [3, 32].

Recent evidence on mtDNA mutations and aging
Some organs, such as the brain, heart, and kidneys, accu-
mulate more mitochondrial mutations than others. These 
mutations tend to cluster in both coding genes and non-
coding genomic regions. Although somatic mutations 
that occur during a human’s lifetime are not inherited, 
these mutations have been reported to be associated with 
suboptimal healing rates in energy-demanding tissues, 
which are more susceptible to somatic mutations (Fig. 3).

A new study examined mitochondrial DNA variants 
and their effects on epigenetic and biological aging in 
young adults. It found that young adults who aged faster, 
even if they didn’t have any obvious health problems, had 
higher “functional impact” scores for certain mtDNA 
variants in coding genes like ND2, ND3, CO3, and CYB 
[33].

Several factors, including tissue type, cellular turn-
over, mitochondrial biogenesis, and quality control 

mechanisms, influence the effects and exact timing of 
mutations in mtDNA on aging phenotypes. The precise 
timing of mtDNA mutations’ impact on aging pheno-
types depends on tissue type, cellular turnover, quality 
control systems, and mitochondrial biogenesis. These 
results elucidate the essential function of the cell in sus-
taining a functional mtDNA repair mechanism and pre-
serving the mitophage amidst a mutation load [2, 34].

Integrative mechanisms: damage, repair, mutation 
accumulation, and threshold effects
The mechanism by which mtDNA can be damaged has 
been clarified by several studies. It is agreed that expo-
sure to toxins, UV radiation, and metabolic byproducts 
worsens the oxidative stress induced by ROS produced 
by OXPHOS. Additionally, ROS stress increases the like-
lihood of replication errors occurring in mitochondrial 
DNA polymerase gamma (POLG). Strategies proposed to 
protect mtDNA must focus on controlling ROS produc-
tion, ETC leakage. To keep the genome of the mitochon-
dria stable, damaged mitochondria must be removed 

Fig. 3  Retaining the integrity of mitochondrial DNA with age. Comparing mitochondria from young and aged cells side by side. In contrast to aging mi-
tochondria, which display mtDNA mutations or deletions, electron transport chain (ETC) malfunction, and elevated reactive oxygen species (ROS) levels, 
young mitochondria have intact mtDNA, stable oxidative phosphorylation (OXPHOS), and low ROS levels. Only by using deep sequencing can hidden 
mtDNA mutations with poor heteroplasmy be revealed, as seen in the inset
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through mitophagy and other means like base-excision 
repair, selective destruction of mtDNA and fusing and 
splitting of mitochondria to reduce mutations [35, 36].

Therapeutic and research implications
Recent advances in single-cell and ultra-deep sequenc-
ing are crucial for the early detection of cryptic or low-
level heteroplasmic mutations. This is important because 
mtDNA integrity plays a vital role in aging, and numer-
ous new treatments and studies are focused on it [37–40]. 
This could lead to action sooner rather than later. Several 
studies on “cryptic mutations” have shown that the bur-
den of mutations across tissues may have been underesti-
mated previously [37].

Treatments that aim to improve repair or mitigate 
damage include enhancing base excision repair, strength-
ening DNA POLG fidelity, increasing Mitochondrial 
Transcription Factor A (TFAM) expression, and stimu-
lating mitochondrial biogenesis to reduce the mutation 
load. Antioxidants and ROS scavengers are additional 
tools for damage reduction [31, 41].

Scientists are investigating treatments for sporadic dis-
orders through gene editing and mitochondrial replace-
ment. Possible potential applications include reducing 
the frequency of age-related mutations in mitochondrial 
DNA. According to evaluations of technologies that alter 
the mitochondrial base, these methods are becoming 
increasingly practical [41]. Although conclusive evidence 
remains absent, recent research has highlighted the 
importance of regular physical activity, calorie reduction, 
and the consumption of nutritious meals. These lifestyle 
modifications enhance the initiation and accumulation 
of mtDNA mutations by reducing oxidative stress and 
promoting mitochondrial turnover. Mareckova et al. 
[33] elucidated that to understand how mtDNA integ-
rity affects aging, it’s crucial to decipher the molecular 
processes underlying interactions among genetic com-
ponents, such as mtDNA haplogroups, nuclear gene 
interactions, baseline mutation load, and the ability to 
change quality [6, 33, 42].

It is essential to note that both the accumulation of 
mutations in mitochondrial DNA (mtDNA) and their 
functional consequences differ across tissue types and 
tissue compartments. The accumulation of mtDNA 
mutations and their associated effects occurs at higher 
rates in post-mitotic tissues than in proliferative tissues. 
For example, skeletal muscle fibers, neurons, and cardio-
myocytes are post-mitotic, long-lived tissues that show 
gradual clonal expansion of mtDNA deletions and point 
mutations over time due to low cellular turnover and pro-
longed exposure to replication-associated errors. In post-
mitotic tissues, even small increases in heteroplasmy can 
adversely affect oxidative phosphorylation and the ability 

to utilize metabolic substrates, thereby making those tis-
sues more susceptible to aging-related decline [10, 43].

On the other hand, proliferation belongs to tissues that 
include, among others, the hematopoietic, epithelial, and 
intestinal compartments. Proliferative tissues exhibit 
continuous mitochondrial turnover and cell division, as 
well as the dilution of harmful mtDNA mutations and 
the introduction of selective pressures that lead to evolu-
tion of mtDNA genomic composition over time. The pro-
liferation of progenitor cells gives rise to highly variable 
patterns of mitochondrial phenotypic expression among 
proliferative tissues. Within these tissues, high mutation 
rates (relative to the energy produced) do not necessarily 
lead to dysfunction. However, mitochondrial reprogram-
ming, reactive inflammatory pathways, and the dynamic 
nature of stem cells have all been found to impact on how 
the mitochondrial phenotype is expressed. This impact is 
heightened in circumstances of chronic stress or when a 
tissue undergoes further degeneration due to the aging 
process [2, 44]. Thus, the differences between proliferat-
ing and post-mitotic tissues illustrate how mitochondrial 
dysfunction caused by the aging process depends on a 
tissue-specific interaction among mtDNA integrity, the 
tissue’s energy needs, and how well the tissue compen-
sates for decreased energy production.

Mitochondrial dynamics: fission, fusion, and 
morphology
Mitochondrial shape and connectivity are governed by 
an evolutionarily conserved balance between fission and 
fusion, and this dynamic morphology, in turn, dictates 
organelle function, quality control, and cell fate. Fusion 
merges outer and inner mitochondrial membranes to 
mix matrix contents and maintain bioenergetic compe-
tence, a process primarily mediated by the large GTPases 
mitofusin-1 and − 2 (MFN1/2) at the outer membrane 
and by OPA1 at the inner membrane [11, 45]. Unlike 
‘fusion’, the process of ‘fission’ in mitochondria (in-chain 
fission) occurs when the protein dynamin-related protein 
1 (Drp1) is activated via receptors located on the mito-
chondrial OM and assembles so that it can then use the 
energy derived from the hydrolysis of GTP (guanosine 
triphosphate) to cause constriction/division by wrap-
ping around the two halves of mitochondria after an ini-
tial constrictive phase at the points where the two halves 
come into contact with each other during the process of 
fusion.

The processes of mitochondrial fusion and fission are 
interrelated and mutually supportive rather than com-
peting; together, they maximize the cell’s overall effec-
tiveness. The fusion process creates a “pool” for the 
mitochondria that serves as a buffer against intermit-
tent toxic events or provides energy reserves for energy-
depleting situations. The fission process also provides an 
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equal distribution of mitochondria to each daughter cell 
during cell division and is essential for mitochondrial for-
mation (bioenergetics) and quality control.

As the organism ages, the way mitochondria respond 
to stress becomes unbalanced, leading to a mixture of 
healthy and damaged mitochondria. For instance, dur-
ing acute metabolic stress, the body will attempt to 
maintain normal mitochondrial function by increas-
ing mitochondrial hyperfusion or even further develop-
ment of the abnormal mitochondrial structure [46]. One 
of the primary roles of mitochondrial fission is to sepa-
rate damaged mitochondria from healthy mitochondria. 
Localized fission creates a new, physically separated, and 
depolarized daughter mitochondrion, which can then be 
selectively removed from the healthy daughter mitochon-
dria by receptor-mediated or PINK1-Parkin-dependent 
mitophagy.

As the organism ages, the separation between fission 
and mitophagy is altered, causing an increase in dysfunc-
tional mitochondria due to the presence of abnormal fis-
sion and little or no fission to provide for the removal of 
damaged mitochondria through mitophagic processes 
[47, 48]. These findings support the notion that the reg-
ulation of mitochondrial dynamics is based on the sur-
rounding environment and that disease results from 
the breakdown of coordinated regulation regarding the 
integration of mitochondrial fission, quality control, and 
mitochondrial fusion.

Fusion and fission work together to regulate both 
mitochondrial morphology and size. They also affect 
mitochondrial bioenergetics and the production of reac-
tive oxygen species (ROS). Ultimately, fusion and fission 
dictate how a mitochondrion will respond to mitophagy 
and/or apoptosis.

Regulation is a complex process at the molecular level. 
A variety of post-translational modifications (PTMs), 
proteolytic processing, alternative splicing, and MFNs 
regulate the GTPase activity of OPA1 and Drp1. For 
instance, OMA1- and YME1L-dependent proteolysis 
produces both long and short forms of OPA1. The ratio 
of these isoforms determines how well inner membranes 
fuse and how stable the cristae are [49, 50]. Phosphory-
lation (Ser616 activation, Ser637 inhibitory in many 
contexts), SUMOylation, ubiquitination (Parkin/PINK1 
pathway), and S-nitrosylation control Drp1’s activity. The 
ability of Drp1 to import and disassemble mitochondria 
is affected by these changes. Recent studies have con-
nected the acetylation of OPA1 and related regulators 
to aging-related organ dysfunction and loss of cristae 
integrity [51]. The fusion of fragments of mitochondria 
through mitophagy processes from the PINK/PK gene 
pathway ensures that all damaged, broken or other-
wise defective parts (i.e. mitochondria) will be properly 

processed via this pathway as well as through other mito-
chondrial quality control mechanisms [52, 53].

In terms of bioenergetic and signaling outputs, mor-
phology is highly related. Faster oxidative phosphory-
lation, stable membrane potential, and the ability for 
organelles to share mtDNA and proteins are all benefits 
of fusion. Fragmentation, in contrast, reduces respiration 
efficiency, increases ROS levels, and prepares mitochon-
dria for autophagic clearance or death. New cellular-level, 
high-resolution research shows that equilibrium changes 
with age, leading to increased fragmentation and com-
promised cristae integrity across different tissues. Stress 
tolerance is reduced, and this mechanism impairs ATP 
generation. Furthermore, stem cell division results in an 
unequal distribution of healthy and damaged mitochon-
dria to daughter cells, impairing their ability to divide and 
maintain tissue homeostasis [54]. This process connects 
mitochondrial dynamics to cellular aging.

Their association with human disease phenotypes 
highlights the translational relevance of genetic changes 
that influence dynamics. Mutations in MFN2 cause axo-
nal degeneration in Charcot-Marie-Tooth disease type 
2 A, while mutations in OPA1 cause autosomal domi-
nant optic atrophy with cristae abnormalities and retinal 
ganglion cell loss [49, 55]. In models of neurodegenera-
tion, cardiac ischemia-reperfusion injury, metabolic dis-
ease, and acute organ injury, altered Drp1 signaling and 
excessive fission are seen, making Drp1 and its receptors 
potential therapeutic targets [50, 52]. It is worth not-
ing that the same proteins behave differently across tis-
sues and disease states, limiting therapeutic windows.24 
Inhibiting fission or fusion completely can be harmful 
because of their essential roles in development and basal 
homeostasis [52].

Numerous approaches have been developed to trans-
form basic concepts into practical methods for medical 
practice. Small molecules and peptides that modulate fis-
sion/fusion have been employed in preclinical models: 
Mdivi-1 (initially identified as a Drp1 inhibitor) has pro-
duced inconsistent outcomes and off-target effects, while 
the peptide P110 — engineered to obstruct the Drp1–
Fis1 interaction — has demonstrated an organ-protective 
effect in models of ischemia-reperfusion and acute kid-
ney injury by mitigating maladaptive mitochondrial frag-
mentation [53, 56]. Testing preclinical models is currently 
underway for gene therapy options, including AAV-
mediated delivery of the MFN1 & MFN2 gene, OPA1 
gene, as well as RNA silencing and CRISPR genome edit-
ing. The primary focus of all these approaches will be to 
prevent any potential adverse impact on mitochondrial 
dynamics, as most tissues have distinct requirements for 
these organelles based on their overall function (a muscle 
cell has different needs than a neuron) [52, 53]. Finally, 
stratifying patients by genetic background (MFN2/OPA1 
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variants, mitophagy-related mutations) and by tissue-
specific vulnerability may enable personalized inter-
ventions that balance benefits and risks (Fig. 4). Recent 
progress in small-molecule screening and structure-
guided design of modulators has facilitated isoform- or 
site-specific interventions aimed at fine-tuning activity 
rather than completely inhibiting essential GTPases [33, 
51].

Additional targets for translational research include 
molecular mechanisms that occur before dynamics. 
Modulators of OPA1 processing (OMA1/YME1L), post-
translational modifying enzymes (kinases such as CDK1 
and CaMK, and phosphatases like calcineurin), and ubiq-
uitin ligases (Parkin) can indirectly rebalance morphol-
ogy and quality control [11, 52]. Metabolic and lifestyle 
interventions — exercise, caloric restriction, and NAD+-
boosting strategies — influence acetylation, sirtuin activ-
ity, and mitochondrial biogenesis and have been shown 

to favor more fused, functionally resilient mitochondria 
in preclinical and some human studies [52, 57]. Such 
systemic interventions are attractive clinically because 
they act broadly on bioenergetic networks and mitohor-
metic signaling, but their specificity for correcting path-
ological dynamics is limited, and patient responses are 
heterogeneous.

Safety and delivery issues are additional challenges in 
clinical development. It is better to partially and tempo-
rarily control fission and fusion rather than completely 
stop them because they are so important. It is uncertain 
whether prolonged systemic inhibition of Drp1 is more 
advantageous than short-term interventions, such as 
ischemia-reperfusion, following acute injury. Tissue-tar-
geted dispersion methods, such as peptide delivery sys-
tems or organ-selective AAVs, and inducible expression 
can reduce the likelihood of off-target effects. Biomarkers 
that indicate mitochondrial shape or turnover in living 

Fig. 4  Aspects of mitochondrial dynamics include morphogenesis, fission, and fusion. Fission and fusion cycles are depicted graphically in the mito-
chondrial network. (A) During fission, DRP1 is transported from the cytosol to the OMM by means of MFF, FIS1, and MiD49/51. It is DRP1 that regulates 
this procedure. Then, to aid with constriction, it forms a ring shape. (B) Fusion: mitofusins (MFN1/2) use trans contacts to facilitate OMM fusion, and OPA1 
and cardiolipin drive IMM fusion. When everything is in harmony, adaptive morphology can take place; when things are out of whack, it’s associated with 
aging. Annotated lists of human diseases related to MFN2 and OPA1 mutations are available in the appendices
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organisms will make it much easier to select the right 
patients and determine the correct dose. Functional met-
abolic signals, imaging tests of the potential of organelle 
membranes, or circulating cell-free mitochondrial DNA 
could be some of these biomarkers [52, 53]. By categoriz-
ing patients based on their tissue-specific susceptibility 
and genetic predispositions (such as MFN2/OPA1 vari-
ants and mitophagy-related mutations), it may be feasible 
to administer personalized treatments when the benefits 
outweigh the risks.

In summary, several approaches can treat this con-
dition by targeting the molecular machinery that con-
trols mitochondrial division, fusion, and shape changes. 
Drp1 and its receptors, MFN1/2 and OPA1, their prote-
ases, and PTM enzymes, as well as upstream signaling 
networks, are all part of this machinery. Recent studies 
indicate that age-associated alterations in mitochon-
dria encompass the loss of cristae and fragmentation, 
asymmetric segregation, and the modulation of effective 
dynamics in disease models, thereby offering substantial 
support for translational research [54, 56, 58]. However, 
instead of a blanket ban, responsible clinical translation 
requires context-sensitive modulation, careful patient 
selection based on biomarkers, and strategies that com-
bine agents targeting morphology with therapies that 
enhance metabolic function and mitophagy to restore 
organelle integrity while preserving mitochondrial plas-
ticity [52, 53].

Mitochondrial function, bioenergetics, and 
regulation
Bioenergetics happens mostly in mitochondria. That’s 
where the processes that control cellular function and 
fate come together: cellular metabolism, ATP produc-
tion, redox balance, and signaling pathways. Three dif-
ferent regulatory mechanisms control how mitochondria 
are used for their metabolism through biogenetic path-
ways, creating energy and grading the functional capac-
ity of the mitochondria. Understanding these regulatory 
networks is crucial for advancing therapeutic strategies 
in aging and disease, as well as for fundamental biological 
research [59, 60].

The OXPHOS system, which is made up of the embed-
ded ETC complexes I–V in the inner mitochondrial 
membrane, is the most essential part of mitochondrial 
bioenergetics. When NADH and FADH2 give up elec-
trons (Fig. 5), protons move across the membrane and 
form molecular oxygen. ATP synthase creates an elec-
trochemical gradient in complex V. The production of 
energy by mitochondria requires the cooperation of the 
products derived from both the mitochondria and the 
nucleus. Therefore, when the mitochondria and nuclear 
genes fail to work together, it usually correlates with some 
kind of metabolic or degenerative disease [61]. When any 

of these components fail, ATP synthesis is hindered, ROS 
levels rise, and cell viability diminishes [57].

Mitochondrial biogenesis is regulated by a synchro-
nized communication process between the nucleus and 
the mitochondria. Peroxisome proliferator–activated 
receptor gamma coactivator 1-alpha (PGC-1α) plays a 
crucial role in regulating this process by activating mito-
chondrial transcription factor A (TFAM) when interact-
ing with nuclear respiratory factor 1 (NRF1) and nuclear 
respiratory factor 2 (NRF2). Energy-sensing pathways 
also influence PGC-1α’s activity, thereby accelerating 
the replication and transcription of mtDNA [61]. The 
AMP-activated protein kinase (AMPK) is one example. It 
turns on when energy levels drop. The SIRT1 deacetylase, 
which requires NAD+, enhances PGC-1α function [62]. 
The metabolic flexibility and energy supply of the cell, as 
well as the mitochondrial redox homeostasis will be reg-
ulated by these pathways together as well [52].

The functions of mitochondria are maintained by sev-
eral factors, of which SIRT1 (a sirtuin that alters acyl-
lysine modifications) is one. It primarily regulates the 
activity of enzymes involved in the TCA cycle, fatty acid 
breakdown, and ROS removal, thereby protecting against 
oxidative damage. For example, altering the breakdown of 
succinate dehydrogenase and lysine by SIRT3 and remov-
ing acetyl groups from manganese superoxide dismutase 
(MnSOD) are crucial for activating it and thus protect-
ing cells from oxidative damage. These effects demon-
strate that sirtuins act as metabolic rheostats, modulating 
energy expenditure and mitochondrial function [62].

Researchers have determined how the mechanistic 
target of rapamycin (mTOR) regulates protein synthesis, 
cell death, and mitochondrial function in response to sig-
nals from growth hormones and nutrients. The primary 
function of mTOR complex 1 (mTORC1) is to stimulate 
mitochondrial biogenesis by facilitating the translation 
of PGC-1α and activating transcriptional pathways that 
enhance oxidative metabolism. Also, blocking mTORC1 
with Rapamycin or not getting enough nutrition can 
speed up autophagy and mitophagy, two processes that 
help remove damaged mitochondria. Maintaining a bal-
ance between anabolism and catabolism is crucial for 
controlling aging and age-related diseases. Controlling 
mTOR improves health span in many species; however, 
an overactive mTOR accelerates deterioration [63, 64].

The elucidation of mitochondrial regulatory networks 
has facilitated the discovery of novel therapeutic path-
ways. Scientists are investigating sirtuin activators (such 
as resveratrol and NAD+ precursors), AMPK agonists 
(such as metformin), and mTOR inhibitors to deter-
mine whether they can enhance mitochondrial function 
and slow the aging process. In metabolic and neurode-
generative disorders, strategies that enhance PGC-1α 
signaling or promote mitophagy could help maintain 
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mitochondrial integrity [64–66]. However, this is prom-
ising because mitochondrial responses vary across dif-
ferent tissues, and excessive stimulation of biogenesis or 
mitophagy could have adverse effects [67]. To bridge the 
gap from the lab to the bedside, we need to enhance pre-
cise delivery, biomarker development, and patient strati-
fication, as illustrated in Fig. 6.

Mitophagy, quality control, and turnover
Mitophagy is an essential quality-control mechanism of 
the mitochondria that selectively removes dysfunctional 
or unneeded mitochondria to maintain healthy cells and 
ultimately achieve a stable state of proliferation [13, 49]. 
The major regulatory pathway for mitophagy is that of 

the PINK1-Parkin pathway. This is initiated when mito-
chondrial membrane potential is compromised, lead-
ing to PINK1 stabilization on the outer mitochondrial 
membrane, followed by Parkin recruitment and the 
consequent widespread ubiquitination of outer mem-
brane proteins. These events serve to designate dys-
functional mitochondria for clearance via the autophagy 
process [68–70]. In conjunction, mitophagy can also 
occur via receptor-mediated mechanisms in response 
to hypoxia or during development through the activity 
of proteins such as BNIP3, NIX/BNIP3L, and FUNDC1, 
which directly associate with LC3 [71–73]. The initia-
tion and subsequent flux of mitophagy is subject to mul-
tiple sources of regulation based on nutrient and energy 

Fig. 5  In this image, we can see the mitochondrial electron transport chain in action. Complexes I–IV generate energy by pumping protons across the 
membrane. These complexes are pathways for electrons to migrate from metabolic substrates. Complex V (ATP synthase) is powered by a proton gradient 
generated in this way

 



Page 13 of 27Marei Journal of Translational Medicine          (2026) 24:716 

availability: starvation state induces activation of AMPK 
as a promoter of autophagy, whereas mTORC1 serves 
as a principal inhibitor of autophagy in a nutrient-rich 
state [74–76]. Additionally, the execution of mitophagy 
requires that damaged mitochondria be degraded by 
competent lysosomes, as well as coordination via tran-
scription factors such as TFEB, which initiate autopha-
gosome-lysosome fusion and regulate lysosomal capacity 
for degradation [77, 78]. As a person ages their body’s 
ability to remove old, damaged mitochondria declines; 
this results in an overwhelming amount of defective 

mitochondria in the organism, an increase in oxidative 
stress within the cells and metabolism becomes more 
constrained due to the increase amounts of defective 
mitochondria in the organism [2, 79].

Additional methodologies, including live-cell imag-
ing of LC3 and autophagosomes, profiling the ubiquitin/
protein ubiquitome, high-depth sequencing of mtDNA 
heteroplasmy (Fig. 7), and assays for MDV formation, 
elucidate the differentiation between selective and whole-
sale removal, tissue specificity, and age-related variations 
in turnover.49,50 These studies show that mitophagy 

Fig. 6  Managing bioenergetics and mitochondrial function. A schematic depicting the axis of PGC-1α-NRF1/2-TFAM. Nuclear transcription and TFAM-
mediated mtDNA replication are controlled by AMPK, SIRT1, and mTORC1, which are energy and nutrient sensors that collaborate through PGC-1α. 
Modifications to this axis can result from dietary changes, increased physical activity, or medications that increase NAD+ levels or activate sirtuins, or from 
rapamycin. Stronger antioxidant defenses increased mitochondrial biogenesis, and improved OXPHOS are the outcomes
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rates decrease with age across many tissues. They have 
also demonstrated that compensatory pathways, such as 
MDVs, may be effective when bulk mitophagy is not [80, 
81].

Combining mitophagy enhancers with drugs that 
boost mitochondrial biogenesis, such as PGC-1α activa-
tors, exercise, and NAD+ elevation, can replace damaged 
mitochondria with healthy ones. This makes combination 
approaches more attractive than single-agent strategies. 
At the same time, drugs that help proteostasis or lower 
inflammation help protect tissues. Lysosomal enhanc-
ers are proposed as an alternative to Parkin agonists for 
a new therapeutic strategy in Parkinson’s patients with 
autophagy gene mutations, lysosomal acidification, or 
genetic abnormalities. Currently, mitophagy biomark-
ers are the focus of many recent studies. Using these 
markers, the process of detecting significant defects in 
mitochondrial function, such as mt-Keima-like signals, 
mitochondrial DNA patterns in moving cells, mitophagy 
protein fragments, or metabolomic signatures, is demon-
strated. Moreover, these markers help adjust therapeutic 
doses and monitor progress in clinical trials [81–86].

NAD⁺ metabolism and mitochondrial regulation
Nicotinamide adenine dinucleotide (NAD-) is essential 
for cellular metabolism and signaling. This redox cofactor 
is needed by dehydrogenases in glycolysis, β-oxidation, 
and the tricarboxylic acid (TCA) cycle. It also acts as a 
limiting co-substratum for enzymes such as ADP-ribo-
syl cyclases (e.g., CD38), PARPs, and sirtuin deacylases. 
NAD + is involved in both cellular and mitochondrial 
processes, so its levels affect mitochondrial bioenerget-
ics, quality control, stress responses, and communica-
tion between the nucleus and mitochondria. Multiple 
metabolic pathways will be affected by a reduction in 
the availability of NAD + as we age or develop chronic 
health conditions. For example, sirtuin activity goes 
down (which affects mitochondrial protein acetylation 
and function), PARP activity goes down (which slows 
down DNA repair), and Ca²+/cADPR signaling changes 
(through CD38). All of these changes could cause the 
mitochondria to stop functioning correctly. Researchers 
have demonstrated in preclinical aging models that nico-
tinamide mononucleotide (NMN) and other NAD+ pre-
cursors can enhance various age-related characteristics 

Fig. 7  Multiple copy-number anomalies in mitochondrial DNA. The presence of both wild-type and mutant mitochondrial DNA molecules within a 
single cell or mitochondrion results in heteroplasmy. Shows how heteroplasmy levels change over time and how they affect OXPHOS capacity, with a 
focus on threshold effects in disease and aging
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in mice. This means that altering how the body uses NAD 
+ can affect how organisms age and how well their mito-
chondria function [87].

Mitochondrial function and NAD metabolism are 
interdependent, with bidirectional redox regulation and 
signaling. Age-related declines in NAD availability impair 
NAD-dependent enzyme (sirtuin) activity, leading to 
disrupted mitochondrial protein acetylation, reduced 
oxidative phosphorylation efficiency, and decreased 
ability to respond to stress and to functionally remove 
dysfunctional mitochondria (mitophagy). Disruption 
of mitochondrial respiration due to impaired electron 
transport chain function, altered substrate utilization, 
and impaired redox shuttle activity disrupts the cellular 
NAD/NADH ratio and depletes NAD at the same time, 
leading to a decreased ability to regenerate it [14, 88]. 
Therefore, impaired mitochondrial respiration also con-
tributes to the decline in NAD, creating a positive feed-
back loop that reduces the mitochondria’s ability to adapt 
over time.

The degree to which this positive feedback loop affects 
mitochondrial function varies by tissue. Factors such as 
mitochondrial density, metabolic requirements, capacity 
for NAD biosynthesis, and expression of the main NAD-
consuming enzymes (CD38, PARPs) determine how dif-
ferent tissues experience this phenomenon. For instance, 
tissues with a high metabolic requirement such as skel-
etal muscle, brain, and heart, tend to have a greater effect 
from NAD/mitochondrial homeostasis disruption than 
do other tissues, whereas tissues that are highly regenera-
tive may have an advantage by stimulating their salvage 
pathways [89, 90]. Differences in tissue characteristics 
further clarify why responses to NAD-boosting interven-
tions vary among tissues, underscoring the importance of 
interpreting these results in the context of mitochondrial 
environment and inflammatory load, as well as baseline 
NAD turnover for each tissue.

A series of steps, such as making, storing, using, break-
ing down, and moving NAD+ throughout the body, help 
maintain its levels. Interventions focus on the salvage 
route, which is the most critical pathway in many mam-
mals [91]. Exogenous precursors, such as nicotinamide 
riboside (NR), nicotinic acid (NAc), and non-myosin 
monophosphate (NMN), enter these pathways at differ-
ent points and have different pharmacokinetic proper-
ties. Cells need NAD + for a lot of things, like turning 
on Sirtuins (SIRT1 in the nucleus/cytosol and SIRT3 
in the mitochondria, to name a few), turning on PARPs 
(which are turned on when DNA is damaged), and break-
ing down NAD + by the membrane enzyme CD38. If 
any of these processes are very active, they can deplete 
cellular NAD+. Always remember that NAD+ pools 
aren’t entirely separate. There are three different pools of 
NMNAT, and each one is controlled by a different way 

of moving or taking it in: one in the nucleus, one in the 
cytosol, and one in the mitochondria. Consequently, defi-
ciencies related to mitochondrial function may remain 
undetected in global evaluations of NAD⁺ [92].

Sirtuins can control whether NAD+ levels go up or 
down. SIRT1 activates PGC-1α, the main coactivator of 
mitochondrial biogenesis, by deacetylating it. As a result, 
TFAM encourages the transcription and replication of 
mitochondrial DNA and the transcription of nuclear-
encoded mitochondrial genes. Hypoxia decreases sirtuin 
activity, leading to hyperacetylation of mitochondrial 
proteins, compromised respiration, increased ROS levels, 
and diminished mitophagy or biogenesis responses [91]. 
Mitochondrial SIRT3 deacetylates and activates enzymes 
that play roles in the TCA cycle, fatty acid oxidation, 
and antioxidant defenses. Conversely, increasing NAD⁺ 
levels via precursors or reducing the levels of key NAD⁺ 
consumers can enhance sirtuin activity, mitochondrial 
enzyme function, and mitochondrial resilience [87, 93].

The results of translational research have been incon-
sistent, yet beneficial, as they have rapidly progressed 
from animal studies to human trials. Research involv-
ing humans has demonstrated that oral administration 
of NR or NMN can elevate NAD⁺ metabolites in blood 
and tissues and induce favorable alterations in genes and 
biomarkers in blood and skeletal muscle [94–97]. None-
theless, the impact on clinical outcomes, such as strength, 
metabolic health, and cognition, has shown variability 
across populations and research methodologies.

To sustain elevated NAD+ levels and enhance the effec-
tiveness of precursor supplementation, it is essential to 
inhibit significant NAD+ consumers, including CD38 
(which escalates with age and inflammation) and hyper-
active PARP (which arises from chronic DNA damage). 
To enhance NAD⁺ kinetics and tissue specificity, pre-
clinical and early clinical trials are currently underway for 
pharmacological CD38 inhibitors, PARP modulators, and 
small molecules that either increase NAMPT expression 
or stabilize NMNAT activity. There is also considerable 
interest in multi-ingredient nutraceutical formulations 
that aim to make the salvage route easier to access and 
utilize in various locations. There are also “systems” 
approaches that mix precursors with cofactors such as 
resveratrol, pterostilbene, and polyphenols [15, 90].

When you look at both functional readouts (like mito-
chondrial respiration, the acetylation status of sirtuin 
targets, and mitophagy markers) and the levels of NAD+ 
precursors and intermediates in plasma and target tissues 
(like skeletal muscle biopsies), you get a better picture. 
There are only a few clinical endpoints; however, trials 
that utilize mechanistic endpoints, such as NAD+ metab-
olomics, sirtuin target deacetylation, and mitochondrial 
respiratory capacity, have made it easier to demonstrate 
that the target is being engaged [98].
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Comprehensive, long-term randomized trials are 
essential for ascertaining efficacy in aging-related out-
comes and for detecting rare or delayed adverse effects. 
Nonetheless, short-term trials typically demonstrate 
favorable tolerability for NR and NMN. Other unknowns 
include the safety of long-term use, potential off-target 
effects (such as changes in methylation pathways driven 
by higher NAM turnover), and varying effects across age 
groups and disease states. It is imperative to exercise cau-
tion when administering NAD+-boosting therapies to 
patients with cancer, inflammatory disorders, or any con-
dition in which altering NAD+ metabolism may lead to 
unforeseen consequences, given NAD+’s essential role in 
regulating DNA repair and immune signaling [94, 95].

Clinical translation will likely require targeted 
approaches rather than a one-size-fits-all approach. To 
determine which groups of patients are most likely to 
benefit, you can categorize them by initial NAD+ levels, 
inflammatory load (which triggers CD38), PARP activa-
tion, mitochondrial dysfunction phenotype, and genetic 
makeup (including variations that alter NAD+ salvage 
enzymes). The most effective method to elevate NAD+ 
levels may be to combine it with dietary and exercise 
modifications known to enhance mitochondrial biogen-
esis and sirtuin pathways. They increase mitochondrial 
bulk and function by providing additional substrates and 
transcriptional programs. This, in turn, elevates NAD+. 
Ultimately, customized delivery platforms can enhance 
the effectiveness of therapies while reducing the likeli-
hood of side effects and systemic exposure. These plat-
forms comprise tissue-selective prodrugs, targeted 
nanoparticles, and gene therapy methodologies that 
enhance NMNAT expression in specific tissues [98].

NAD⁺ metabolism is an essential part of controlling 
how mitochondria work. It is both a redox cofactor and 
a necessary co-substrate for sirtuins and other signaling 
enzymes. Preclinical studies indicate that replenishing 
NAD⁺ can improve mitochondrial bioenergetics, proteo-
stasis, and stress resistance. Initial human trials suggest 
that these pathways can be pharmacologically altered. To 
safely and effectively translate NAD⁺ biology into clinical 
interventions, it is necessary to accurately determine dos-
ages, carefully select patients, develop mechanistic bio-
markers to identify targets, prioritize long-term safety, 
and likely employ combinatorial strategies to improve 
mitochondrial biogenesis and quality control [87, 91–93].

Therapeutic interventions and translational 
approaches
The need for a systematic roadmap to navigate from the 
discovery of mitochondrial function and its mechanisms 
to their respective clinical applications has led us to 
develop a structured continuum concept. It is critical that 
we have a roadmap for translating research into clinical 

trials so that we understand all required steps along the 
way, and ultimately, we can complete the translation to 
reach a fast ability to identify and evaluate the efficacy of 
potential clinical translation. The validation points along 
this continuum include evidence of successful mitochon-
drial engagement, restoration of adaptive responses, 
and the ability to measure improvement in clinical out-
comes. At the same time, many challenges remain to be 
overcome to execute this continuum. These challenges 
include difficulties in delivering therapies targeting mito-
chondria, differences in efficacy across tissue types and 
other contextual factors, the wide variety of patients 
with mitochondrial disease or dysfunction, and long-
term safety concerns. The image demonstrates how each 
phase of the translational continuum can cause potential 
therapies to succeed or fail within the context of their 
respective clinical studies, based specifically on whether 
essential validation stages and corresponding contextual 
challenges were considered or not (Fig. 8).

Mitochondrial dysfunction is central to aging, senes-
cence, and various chronic diseases, prompting the 
development of therapeutics targeting mitochondria 
to progress from a mechanistic understanding to initial 
clinical application. Increased production of ROS, as a 
result of damage to the mitochondrial electron transport 
chain (ETC), leads to cellular senescence, the release of 
damage-associated molecular patterns (DAMPs), and 
the initiation of a cycle of oxidative stress and inflamma-
tory response that contributes to further injury within 
affected tissue. The three main goals of mitochondrial 
health promotion therapy are as follows: (1) lowering 
the risk of mitochondrial damage; (2) improving clear-
ance of damaged mitochondria through mitophagy; and 
(3) restoring mitochondrial function through biogenesis, 
metabolic support, or direct organelle-targeted interven-
tions [87, 99].

Mitochondrial dysfunction-associated senescence (MiDAS): 
distinguishing mitochondrial-specific senescence from 
canonical DNA damage-induced senescence
Initially viewed as a long-lasting precluding mechanism 
triggered by constant nuclear DNA damage and acti-
vation of the DNA Damage Response (DDR), cellular 
senescence was seen as a stable arrest of the cell cycle. 
This existed within a Canonical Pathway that typically 
included telomere shortening, oncogene activation, expo-
sure to radiation or damage to the DNA due to environ-
mental hazards, and activation of the ATM/ATR pathway 
that stabilizes p53 protein and induces p21-CIP1 and/
or p16-INK4a). This consequently leads to a permanent 
arrest in cell proliferation combined with a pro-inflam-
matory secretory phenotype (SASP) indicative of senes-
cence. It is now becoming apparent that not all senescent 
states demonstrated to-date were initially created by 
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direct nuclear damage to DNA. A separate state of senes-
cence has been identified as Mitochondrial Dysfunction-
Associated Senescence (MiDAS) that occurs mainly due 
to mitochondrial dysfunction and metabolic problems as 
opposed to classic genotoxins [100].

Long-lasting mitochondrial dysfunction can cause 
MiDAS; this includes cellular impairment of oxidative 
phosphorylation (OXPHOS), reduced mitochondrial 
membrane potential, abnormal cristae structure, and 
overproduction of mitochondrial reactive oxygen species 
(ROS). Their defining upstream driver is metabolic imbal-
ance, particularly a disruption of the cellular redox state, 
thereby allowing MiDAS to occur without sustained 
nuclear γH2AX foci formation and/or robust ATM/
ATR activation. A distinctive feature of MiDAS features 
a low NAD+/NADH ratio that will hinder mitochondrial 
bioenergetics and change sirtuin activity which, in turn, 
leads to the destabilization of mitochondrial proteostasis 

and stress responses [92]. This reduction of the redox 
environment promotes energy-level sensors, such as 
AMP-activated protein kinase (AMPK), which has down-
stream effects that lead to p53 phosphorylation and, thus, 
p21-mediated cell cycle arrest independent of classical 
DNA-damage signaling.

Mitochondrial dysfunction is due to decreased 
mitophagy and mitochondrial biogenesis, which regu-
late mitochondrial quality. Furthermore, the buildup of 
dysfunctional mitochondria creates a persistent feed-
forward loop of metabolic stress, involving AMPK acti-
vation and altered NAD+ metabolism, which further 
exacerbates the buildup of dysfunctional mitochondria. 
Research, using both computational and experimental 
approaches, demonstrated that the stabilization of a self-
sustaining senescent state can be driven by mitochon-
drial dysfunction in the absence of significant nuclear 
DNA damage, thereby emphasizing the independence of 

Fig. 8  The translational roadmap for mitochondrial-targeted biomarker/medication is illustrated in the lower half of the image. The table provides a 
framework for reviewing the steps taken, from basic (e.g., target identification and mechanistic elucidation) to clinical intervention (e.g., validation of 
biomarker development and determination of patient cohorts for studies), across various stages of drug development. Roadmap milestones for fibrotic 
or mitochondrial-targeted biomarker/therapeutics include (beginning of clinical development) validating target engagement, determining optimal dos-
ages, and assessing functional outcomes prior to clinical intervention. Three nodes illustrate the most common obstacles to producing successful clinical 
outcomes; problems related to biodistribution (administering drugs to patients), administering the wrong drugs based on individual efficacy (determin-
ing the context in which to give drug), the use of heterogeneous patient populations, and issues related to the long-term safety of innovative therapies. 
The translational approach based upon mechanistic research related to the role of mitochondria in the ageing process and cellular degeneration provides 
a systems-level framework for developing targeted therapeutics to combat mitochondrial dysfunction that results in ageing
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mitochondrial signaling from nuclear signaling [84]. This 
distinguishes the MiDAS phenotype from senescence 
due to DDR, as in DDR, mitochondrial dysfunction is 
typically only a consequence of nuclear DNA damage.

One critical distinction is the identity of the Secretory 
Associated Phenotypic Alteration (SASP) profiles related 
to these two forms of senescence. Canonical senescence 
induced by DNA damage is associated with a strong 
proinflammatory SASP, primarily composed of NF-kB-
mediated cytokines such as IL-1 alpha, IL-1 beta, IL-6, 
and other inflammatory mediators, which propagate the 
inflammatory signaling cascade and potentially induce 
paracrine senescence. The SASP profile generated via 
mitochondrial deprivation apoplexy and stress (MiDAS) 
is quite different: while there may be some inflammatory 
components, the amplification loop dependent on IL-1 
is diminished, and the SASP profile reflects metabolic 
stress rather than ongoing DNA damage response (DDR) 
signaling. This change in the SASP profile will be impor-
tant for tissue remodeling, stem cell niches, and systemic 
age-related decline, as signals associated with mitochon-
dria (i.e., mitochondrial DNA fragments and mitochon-
drial-derived vesicles) will likely affect immune activation 
and inflammaging in a context-dependent manner [81].

From a physiological standpoint, MiDAS may be par-
ticularly relevant in tissues with high energy require-
ments and/or low regenerative capacity (e.g., skeletal 
muscle, neurons, cardiomyocytes). Age-related depletion 
of NAD⁺, impairment of mitophagy, and accumulation 
of mitochondrial DNA mutations create a permissive 
environment for mitochondrial-driven senescence, even 
in the absence of clear genotoxic stress. This perspective 
aligns with the current view that mitochondrial dysfunc-
tion contributes to systemic decline and operates as a pri-
mary driver rather than a secondary consequence [100]. 
The differences between MiDAS and canonical DDR-
mediated senescence have important clinical implica-
tions; for example, interventions targeting DNA damage 
checkpoints to correct DNA damage-associated senes-
cence are unlikely to eliminate or prevent mitochon-
drial-driven senescence. Evidence suggests that MiDAS 
may be more responsive to interventions designed to 
restore mitochondrial homeostasis (e.g., replenishing 
NAD⁺, modulating AMPK activity, enhancing mitophagy, 
and improving mitochondrial biogenesis) [92]. These 
interventions aim to correct the underlying metabolic 
dysfunction rather than simply suppress downstream 
inflammatory signaling.

In conclusion, canonical senescence induced by DNA 
damage is driven by nuclear genomic instability and pro-
longed activation of DDRs, whereas MiDAS is primarily 
caused by mitochondrial dysfunction, leading to energy 
stress and redox imbalance. Even though both result in 
cells being in a state of stable arrest in G0/G1 (capable 

of re-entering G1 phase) and exhibiting a secreted modi-
fied state, the upstream triggers for initiation of the two 
types of senescence, the metabolism of the cells, and the 
inflammatory profile of the resulting cell types differ sig-
nificantly. Thus, classifying MiDAS as a mechanistically 
unique form of senescence enhances our understanding 
of how mitochondrial dysfunction contributes to cellu-
lar senescence, aging, and age-related disease, and pro-
vides further support for developing targeted therapeutic 
strategies that restore mitochondrial quality control and 
enhance metabolic resilience.

Antioxidants targeting mitochondria are a hot research 
topic for alleviating potential mitochondrial damage 
in both humans and animals. Mitoquinone mesylate 
(MitoQ) is one of those antioxidants that builds up in the 
mitochondrial matrix. Preclinical investigations suggest 
that MitoQ mitigates oxidative damage and preserves 
mitochondrial DNA integrity in models of metabolic and 
cardiovascular diseases. Pilot and small-scale human tri-
als have demonstrated enhanced endothelial function 
and reduced oxidative stress biomarkers; however, larger-
scale trials yielding more definitive results are forthcom-
ing [101, 102]. An examination of antioxidants targeting 
mitochondria illustrates both the promise and the con-
straints of this strategy: while mitochondrial delivery may 
enhance efficacy, it also raises concerns about dosage, 
unintended redox perturbations, and context-dependent 
effects [103, 104].

There are many reasons a clinical study on mitochon-
dria-targeted antioxidants is often difficult to interpret. 
One reason this could occur is due to a framework of 
mitohormesis. Reactive oxygen species (ROS) that are 
generated in the mitochondria are responsible for caus-
ing oxidative damage and also as critical mediators of cel-
lular adaptation to stress (e.g., inducing mitochondrial 
biogenesis, antioxidant response) through their ability to 
act as a signal for certain types (e.g., ROS-induced mito-
chondrial biogenesis) of adaptive responses and path-
ways. Moderate increases in ROS produced by a cell may 
actually promote resilience (i.e., increased ability to with-
stand stress), while excessive ROS scavenging (which is 
the primary function of the vast majority of antioxidants 
currently marketed) will diminish the effect of these 
adaptive signaling pathways and impede the capacity for 
physiological changes [105, 106].

As such, the efficacy (and/or effectiveness) of any 
mitochondria-target antioxidant (e.g., MitoQ) is likely to 
be highly dependent on the timing, dosing and biologi-
cal environment in which it is applied. For example, the 
application of targeted antioxidants in preclinical mod-
els of acute/severe oxidative stress typically results in 
improvements in mitochondrial function and restored 
redox balance, while in heterogeneous human popula-
tions, especially those not exhibiting significant oxidative 
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pathology, they are likely to have little (or no) positive 
effect (i.e., suppressing ROS-mediated beneficial sig-
naling) [102, 107]. Furthermore, differences in base-
line redox state and mitochondrial membrane potential 
within age ranges, and tissue-specific antioxidant capaci-
ties further increase variability.

In light of this information, it is likely that the be highly 
time-dependent and/or disease-specific. Strategies that 
attempt to inhibit ROS production/accumulation over 
an extended period—for chronic ROS suppression—are 
likely to impede ROS’s beneficial properties and ulti-
mately fail to produce a positive outcome when applied 
to a human population. Conversely, a strategy that allows 
fine-tuning of mitochondrial redox signaling or that 
combines antioxidant delivery with strategies to support 
mitochondrial generation and turnover is much more 
likely to preserve the adaptive stress response and limit 
maladaptive damage (the focus of this article).

Another option is the body’s built-in mechanisms for 
quality control. Urolithin A (UA), a metabolite produced 
by the gut microbiome, has shown promise in improv-
ing mitochondrial and muscle biomarkers in humans and 
extending the lifespan of test organisms. UA promotes 
mitophagy. More research is needed to determine its 
impact on larger functional outcomes; however, random-
ized trials have shown that it is safe and beneficial for 
muscle endurance and mitochondrial biomarkers. As a 
comprehensive framework for translation, these findings 
developed a hierarchy of conserved mitophagy inducers 
by using mitochondrial biomarkers to confirm their effi-
cacy, preceded by experimentation using selected patient 
populations (i.e., age-related frailty; sarcopenia) [108, 
109].

One way to translate this is to focus on receptor-
mediated pathways, such as NIX, FUNDC1, BNIP3, 
and the PINK1-Parkin ubiquitin pathway. To facilitate 
the removal of damaged mitochondria, small molecules 
that enhance Parkin recruitment, TBK1 activation, or 
the function of autophagy adaptors may be employed. 
Researchers are trying gene therapy methods that bring 
back Parkin/PINK1 expression in tissues that don’t 
express it very well to treat mitochondrial myopathies 
and Parkinson’s disease.66 However, there is a risk 
involved in directly activating Parkin/PINK1 because 
too much ubiquitination can cause proteostatic stress. It 
is possible to find a happy medium between the two by 
administering the molecules to specific tissues for brief 
periods.

In many cases, replacing cleared organelles needs a 
mix of mitophagy, metabolic support, and stimulation of 
mitochondrial biogenesis. Agents that activate PGC-1α, 
such as AMPK activators (e.g., metformin, newer direct 
AMPK agonists), NAD⁺ boosters (e.g., NR, NMN), and 
sirtuin modulators, can increase mitochondrial mass 

and function, and synergize with mitophagy enhanc-
ers [87, 91]. Combination therapies that pair mitoph-
agy induction (clearance) with biogenesis stimulation 
(replacement) — for example, UA plus exercise or NAD⁺ 
precursors — are biologically plausible and supported 
by preclinical synergy data, but require clinical trials 
designed to evaluate combination effects and timing [86, 
110].

Senolytics and senomorphics are related to mitochon-
drial therapies because old cells produce mitochondria 
that don’t function properly, which causes long-term 
inflammation. To enhance mitochondrial healing, elimi-
nating senescent cells is advantageous, as it reduces 
inflammation and mitochondrial DAMPs. More studies 
are needed to determine whether combining senolytics 
with mitochondria-targeted therapy is safe. However, 
early clinical trials have shown that senolytics alone may 
not be enough to promote tissue regeneration and may 
have metabolic and cognitive benefits in some groups 
[100, 111].

Mitochondrial dysfunction represents a critical path-
way to the development of a pro-inflammatory environ-
ment, leading to increased levels of pro-inflammatory 
markers and ultimately increasing the risk of chronic 
inflammatory diseases. Mitochondrial dysfunction also 
activates innate immunity by interacting with cyto-
chrome c oxidase via mitochondrial DNA (mtDNA). The 
abnormal export of mtDNA into the cytosol results from 
impaired mitochondrial quality control, increased mito-
chondrial membrane permeability, and thereby facili-
tates mtDNA release. The resulting pro-inflammatory 
response from the cytosolic detection of mtDNA occurs 
due to the recognition of mtDNA by cGMP-AMP syn-
thase via the generation of cyclic-diphosphate-adenosine; 
this is a key component of the pathway leading to type 
I interferon activation and activation of the NF-signaling 
pathway [24, 112].

Activation of the NLRP3 inflammasome occurs as a 
consequence of multiple converging pathways mediated 
by mitochondrial dysfunction; these include increased 
production of mitochondrial reactive oxygen species 
(ROS), externalization of cardiolipin from the mitochon-
dria membrane and ionic imbalance all of which lower 
the threshold for NLRP3 inflammasome assembly [113, 
114] and thus promote activation of the inflammasome. 
It is also important to note that mitochondrial dynam-
ics regulate the inflammatory workings, where exces-
sive fragmentation of mitochondria promotes mtDNA 
release and ROS signaling, while balanced mitochon-
drial fusions inhibit NLRP3 inflammasome activation 
through preserving mitochondrial integrity [115, 116]. 
Thus, by examining the mechanisms by which mitochon-
drial stress mediates pro-inflammatory signaling, we 
can understand the relationship between mitochondrial 
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dysfunction, mitochondrial dynamics, and the develop-
ment of chronic, sterile inflammatory responses associ-
ated with Ageing.

Mitochondrial DNA provides two functions in cel-
lular biology. In addition to passive damage-associated 
molecular patterns, when released from the mitochon-
dria, it will enter the cytosol and act as a signaling mol-
ecule by activating the innate immune response via the 
cyclic GMP-AMP synthase (cGas) -stimulator of Inter-
feron Genes (STING) pathway. Age-related mitochon-
drial stress—characterized by impaired mitophagy, 
increased membrane permeabilization, or nucleoid insta-
bility—promotes the aberrant release of mitochondrial 
DNA into the cytosol, where it activates cGAS–STING 
signaling and downstream inflammatory pathways [117, 
118]. Importantly, this pathway is particularly relevant 
in advanced age, when normal responses to mitigate 
mtDNA exposure to the cytosol are progressively lost 
due to reduced mitochondrial turnover and lysosomal 
mitochondrial degradation. In the absence of effective 
means to limit the activation of the cGas-STING signal-
ing pathway, continual low level activation of this signal-
ing pathway leads to chronic sterile inflammation, and 
contributes to the sustained interferon tone and immune 
dysregulation seen in aged tissue [119, 120].

The dynamics of mitochondria also regulate inflam-
mation, depending on the individual’s age. In older indi-
viduals, changes in their distribution between fused 
and fragmented forms can cause an increase in activa-
tion of the inflammasome (process by which immune 
cells become activated), by allowing for increased pro-
duction of mitochondrial ROS and also producing an 
environment in which there is increased exposure of 
mitochondrial cardiolipin and increased susceptibility of 
the mito-inflammasome complex to interact [113–121]. 
On the other hand, elongated/overactive mitochon-
drial fusion states can facilitate better regulation of the 
mechanism underlying excessive inflammasome assem-
bly under normal conditions, suggesting a role for mito-
chondrial shape in controlling the expression of immune 
signals. With aging comes a loss of the normal balance 
between mitochondrial structures, that are important 
for bioenergetic output and quality control, and this 
results in increased pro-inflammatory signals, which 
feeds back into the process of mitochondrial dysfunc-
tion, which contributes to deteriorating function within 
tissues as a result of changes to the local inflammatory 
environment caused from non-resolving state of inflam-
mation, additional alterations to the interactions between 
immune and stromal cells and a decrease in the ability of 
stem cells to regenerate. Hence, abnormal mitochondrial 
structure and/or function are linked to systemic inflam-
mation, resulting in a syndrome called “inflammaging” 
that occurs as a consequence of aging [25, 122, 123].

The primary challenges in translation are delivery, tar-
geting, and biomarkers. MitoQ and peptide inhibitors of 
fission, like P110, are two small chemicals that work on 
mitochondria. They build up in different ways in differ-
ent organs. There are concerns about the immunogenic-
ity and long-term safety of AAV vectors for gene delivery, 
but they can deliver tissue-specific genes (e.g., TFAM, 
PGC-1α isoforms, and corrected MFN2/OPA1 alleles). 
To assess mitochondrial health, we need biomarkers 
such as high-resolution respirometry in muscle biopsies, 
mitochondrial DNA signatures in the blood, mitophagy 
reporter readouts (if possible), metabolomic panels, and 
validated imaging endpoints [124]. During the initial 
phases of a trial, it is crucial to focus on mechanistic end-
points rather than broader clinical outcomes.

Safety and contextual factors should inform clinical 
strategies. In tissues characterized by elevated mitochon-
drial turnover or where reactive oxygen species (ROS) 
serve as essential signaling molecules (e.g., in immuno-
logical responses), interventions that generally enhance 
mitophagy or ROS scavenging may prove detrimental. 
Short-term treatments, such as those administered dur-
ing peri-ischemic windows or after injury, may be more 
effective and safer than long-term systemic management. 
We can enhance signal detection and the risk-benefit 
balance by stratifying patients based on the presence of 
evident mitochondrial dysfunction (as indicated by bio-
markers or functional testing), pertinent genotypes, or 
disease states most likely to respond [97, 102].

Therapeutic limitations, risks, and population-specific 
considerations
Although the idea of using mitochondrial-targeted treat-
ments is becoming increasingly popular, there are still 
some concerns about the safety of these treatments and 
the risks associated with using them in older patients or 
those with chronic diseases. This is because mitochon-
drial pathways play an essential role in a number of pro-
cesses within each cell, including how cells communicate 
through the immune system (immunosignaling), how 
cells die via apoptotic mechanisms (apoptosis), and how 
cells adapt to changing metabolic demands (metabolic 
adaptation). Abrupt or chronic changes made to mito-
chondrial activity could lead to the disruption of normal 
physiological processes within the body (physiological 
homeostasis) as well as affect other cellular pathways [2, 
76]; for instance, excessive clearing of reactive oxygen 
species (ROS) could also prevent normal functioning 
of redox-dependent signaling and innate immunologi-
cal responses, while chronic stimulation of mitophagic 
activity and/or mitochondrial biogenesis could cause 
depletion or disruption to cellular structures involved 
in cellular energy production (organelle depletion/meta-
bolic imbalance) [18, 125].
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Therapeutic responses can be further complicated 
by age-related changes. For example, older adults often 
have lower physiological reserves, differences in phar-
macokinetics, higher levels of chronic inflammation, 
and higher rates of multiple chronic conditions. All 
of these can result in increased adverse effects and a 
decreased therapeutic effect of treatment [126]. Further-
more, even though short-term studies of NAD+ enhanc-
ing approaches typically report that they are generally 
well tolerated, there may be differences in the effects of 
NAD+enhancing approaches in patients with cancer, 
chronic inflammation, and/or increased DNA damage 
because NAD+ plays a key role in providing energy for 
PARP activity, DNA repair, and cell metabolism [127, 
128]. Likewise, senolytic therapy has the potential to 
cause off-target toxicity, thrombocytopenia, and tem-
porary organ dysfunction, especially when administered 
systemically to older adults with frailty [129].

Modulators targeting mitochondrial dynamics and 
mitophagy not only have difficulty with translation but 
can also chronically interfere with physiological cellular 
function and development by affecting normal cellular 
processes (such as fission) and cellular responses to stress 
(such as fusion). Therefore, clinically, prolonged or exces-
sive fission activities and sustained high levels of fusion 
in a tissue are physiologically damaging, as both fission 
and fusion are necessary for normal biological functions 
and quality control. The activation of PINK1–Parkin sig-
nalling is also limited to a short time window, after which 
the development of cytotoxic and/or toxic mitochondrial 
proteins occurs, leading to toxicity in other unaffected 
cells [12]. Consequently, the aforementioned risks point 
to the need for time-dependent dosing strategies based 
on biomarker-guided, tissue-targeted approaches for the 
administration of therapeutic agents aimed at restoring 
mitochondrial homeostasis [130].

Taken together, all of these elements reinforce the 
notion that there will most likely not be a universal 
approach for applying mitochondrial medicine. There-
fore, for any successful clinical translation of mitochon-
drial therapies, it will be necessary to stratify patients 
carefully regarding their short-term and long-term 
risks associated with mitochondrial therapies, imple-
ment a balanced combination of interventions for both 
replacement and clearance of damaged mitochondria, 
and undertake ongoing monitoring for safety in select 
populations (e.g., the elderly). All of these steps must be 
addressed if we want to successfully transfer basic science 
into clinical settings for treating patients with potential 
benefits of mitochondrial therapies for the aging process 
and age-related diseases.

Therapeutic interventions utilizing mitochondrial 
biology encompass antioxidant delivery (MitoQ and 
related MTAs), induction of mitophagy (urolithin A 

and emerging small molecules), metabolic support 
(NAD⁺ boosters, AMPK/sirtuin activators), cellular 
strategies (senolytics, gene therapy), and modulation of 
mitochondrial dynamics and quality-control pathways 
(PINK1-Parkin, BNIP3/NIX, OPA1/MFN regulation). 
For translational research to work, it needs to have a 
clear understanding of how things work (target engage-
ment and pathway specificity), well-planned clinical trials 
based on biomarkers, careful removal and replacement 
of faulty mitochondria, and careful selection of patient 
groups. After several early human trials and proof-of-
principle studies in model organisms, the field must now 
advance to larger, more strategically designed trials that 
combine molecular endpoints with significant clinical 
outcomes while ensuring rigorous safety [131, 132].

This model shows how evolutionarily conserved tran-
scription factors, such as FOXO, HIF, NRF2, PGC-1α, 
and HSF1, regulate pathways and stress responses. These 
transcription factors get signals from pathways that sense 
nutrients and stress. They are excellent candidates for 
anti-aging treatments (Fig. 9).

The clinical translation of mitochondrial-targeted 
therapies has been hampered by a recurring disparity 
between their very strong efficacy in preclinical studies 
and the inconsistent and/or modest responses observed 
in human clinical trials. Several fundamental factors may 
be responsible for this discrepancy. Because mitochon-
drial redox (oxidation & reduction) signaling is highly 
context-dependent, excessive antioxidant activity can 
interfere with the normal roles of reactive oxygen spe-
cies (ROS) in cellular physiological adaptation, a phe-
nomenon known as the “antioxidant paradox.” [18, 105, 
133]. This phenomenon may help to explain the observa-
tion that compounds such as MitoQ exhibit protective 
benefits in animal models that display a high degree of 
oxidative stress, but that provide no benefit (or at least a 
neutral benefit) to a heterogeneous population of people 
in which the redox imbalance is either mild or not as 
pronounced as in the animal model. Another factor con-
tributing to the lack of concordance between preclinical 
efficacy and clinical effectiveness is the substantial varia-
tion in mitochondrial membrane potential, tissue-spe-
cific uptake, and intracellular distribution across animal 
and human studies [101, 134].

As far as population variability is concerned, the inter-
individual differences in human populations with respect 
to mitochondrial genetic variation, baseline metabolism, 
inflammatory burden, and compensatory capacity may 
be significant factors in determining if a particular mito-
chondrial-targeted therapy restores the adaptive balance 
or exacerbates dysfunction in an individual patient. Thus, 
mitochondrial-targeted therapies, such as those involv-
ing NAD⁺ precursors or those that enhance mitophagy, 
may have a narrow biological window of opportunity for 
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benefit and, when applied indiscriminately or long-term, 
may become ineffective or even maladaptive [14, 15].

These findings suggest that, in general, the lack of over-
all clinical success with these interventions is largely due 
to a failure to coordinate the combination of therapeutic 
mechanisms, target patient populations and the disease 

stage at which the interventions are being employed 
rather than to any inadequacy of the interventions. The 
success of future research will rely heavily on biomarkers 
for the selection of subjects for clinical trials, and on the 
development of and adherence to dosing strategies that 
take into account the context in which the intervention 

Fig. 9  Shows that transcription factors that are highly conserved control how long an organism lives. This model depicts the pathways and responses to 
stress regulated by evolutionarily conserved transcription factors, including FOXO, HIF, NRF2, PGC-1α, and HSF1. These transcription factors are targets for 
geroprotective treatments because they combine signals from pathways that detect nutrition and react to stress—used with permission from Fischer et 
al., Physiology Review 2022. B. in Biomolecules 15, 860 (2025)
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will be applied, as well as a move towards the precise 
modulation of mitochondrial function within a specific 
population rather than the implementation of a single, 
universal strategy for the modulation of mitochondrial 
function.

Future directions and challenges
Several clinical trials are currently underway to investi-
gate the potential development of novel drugs to improve 
mitochondrial health. Some of these compounds serve as 
antioxidants that target mitochondria, induce mitoph-
agy, and boost NAD+, among other functions. This is 
good news, but it will be a long time before mitochon-
dria-based medicines are used in everyday medical prac-
tice. Resolving these issues will enable the next stage of 
research in mitochondrial medicine to proceed.

In order for combination mitochondrial therapies to be 
successfully introduced into clinical use, the complexity 
of aging biology must be taken into account when design-
ing clinical trials [135]. Therefore, biomarker-guided 
patient stratification based on mitochondrial function, 
inflammatory burden, metabolic status, or biological 
age, rather than chronological age should be prioritized 
in future clinical trials in order to provide more precise 
assessments of how well combinations of interventions 
respond to treatment [136, 137]. Furthermore, adaptive 
and factorial trial designs that allow for ongoing adjust-
ments to dosage, sequence and/or combination of mul-
tiple higher-dose treatments are well-suited to this goal 
[138]. Since the aging process is inherently slow and 
heterogeneous, it is also necessary to use surrogate end-
points, such as improved energy production from mito-
chondria (bioenergetics), increased mitophagic efficiency 
(mitophagic flux), or increased activation of NAD+-
dependent metabolic pathways (NAD+ metabolism) to 
supplement conventional clinical outcomes in develop-
ing feasible study durations [139]. There is also a need to 
identify potential drug-drug interactions, cumulative tox-
icity, and unique effects of combination strategies as the 
combination therapy model for aging interventions con-
tinues to evolve, particularly for older and multi-morbid 
patients. By integrating these fundamental principles into 
clinical studies, we will connect new mechanistic discov-
eries with evidence-based, clinically relevant interven-
tions for the treatment of aging [16, 129].

Improving delivery and bioavailability of mitochondrial 
therapeutics
Many drugs that target mitochondria don’t work well 
because they don’t enter the body effectively, break down 
poorly, or are not efficiently absorbed by mitochondria. 
Nicotinamide Mononucleotide (NMN) and Mitoqui-
none (mitochondria-targeted coenzyme Q10 derivative) 
are two examples of these mitochondrial-directed drugs. 

Several strategies are suggested to enhance the delivery of 
these components to mitochondria, including the devel-
opment of new formulation technologies, nanocarrier 
conjugation, and the use of natural signals to target mito-
chondria. To facilitate the delivery of these drugs into 
mitochondria, several methods. Still, other challenges in 
delivering mitochondrial-targeted drugs remain, includ-
ing issues with tissue selectivity and accumulation. Addi-
tionally, there is still a need for further investigation into 
precision targeting, which is crucial for drugs to target 
mitochondria in disease-relevant tissues while minimiz-
ing adverse effects.

Aging significantly impacts the major functions of 
mitochondria. Table 1 summarizes the cellular and physi-
ological changes in these mitochondrial functions as they 
age.

Understanding inter-tissue mitochondrial communication 
and systemic aging
The roles of mitochondria in maintaining healthy cellular 
function are enormous and extend beyond energy gen-
eration alone. Mitochondria act as communication hubs 
within cells, sending signals such as Mitochondrial pep-
tides (e.g., MOTS-c), mitochondrial DNA fragments, and 
extracellular vesicle payloads between tissues, thereby 

Table 1   Major mitochondrial functions affected by aging and 
associated cellular and physiological changes
Mitochondrial 
Function

Aging-Related Cellular 
Changes

Associated 
Physiological 
Consequences

ATP Produc-
tion (Oxidative 
Phosphorylation)

Reduced efficiency of 
electron transport chain 
complexes; decreased ATP 
synthesis

Decline in cellular 
energy availability; 
reduced tissue and 
organ function

Reactive Oxygen 
Species (ROS) 
Regulation

Increased mitochondrial 
ROS production; impaired 
antioxidant defenses

Accumulation of 
oxidative damage 
to proteins, lipids, 
and DNA

Mitochondrial DNA 
(mtDNA) Integrity

Accumulation of mtDNA 
mutations and deletions; 
reduced repair capacity

Impaired mito-
chondrial protein 
synthesis; progres-
sive mitochondrial 
dysfunction

Mitochondrial 
Dynamics (Fusion 
and Fission)

Imbalance between fusion 
and fission processes; 
increased mitochondrial 
fragmentation

Disrupted mito-
chondrial network; 
reduced cellular 
adaptability to stress

Mitophagy and 
Quality Control

Decline in mitophagy 
efficiency; accumulation of 
dysfunctional mitochondria

Increased cellular 
stress and suscepti-
bility to apoptosis

Regulation of 
Apoptosis

Altered membrane perme-
ability; dysregulated release 
of pro-apoptotic factors

Enhanced cell loss 
contributing to tis-
sue degeneration

Metabolic Signaling Impaired mitochondrial–
nuclear communication; 
altered metabolic signaling 
pathways

Dysregulation 
of metabolic 
homeostasis
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affecting inflammation, metabolism, and aging. We don’t 
know precisely how mitochondria “talk” to each other in 
many parts of the body, like the immune system, muscles, 
and brain. To gain insight into the differential efficacy of 
certain medications on specific tissues or systems, it is 
essential to delineate these systemic interactions. This 
will help find new targets for therapy.

Identifying reliable biomarkers of mitochondrial aging
One of the existing barriers to translating mitochondrial 
research into clinical practice is the lack of reliable bio-
markers for assessing mitochondrial health. Ongoing 
methods used for evaluating mitochondrial functions 
include mitophagy reporter systems, metabolomic pan-
els, high-resolution respirometry, and circulating cell-
free mitochondrial DNA. Although these methods do 
provide helpful information, they are not standardized, 
sensitive, or specific. Validated mitochondrial multi-
modal biomarker panels encompassing molecular read-
outs, physiological endpoints, and functional imaging 
would be essential for enhancing understanding of the 
complex dynamics of mitochondrial aging.

Addressing safety and long-term efficacy of mitochondrial 
interventions
Designing therapeutic strategies aimed at restoring 
mitochondrial functions and homeostasis should be 
taken with great caution. Targeting and manipulation of 
mitochondrial functions, including mitophagy, fission/
fusion dynamics, and ROS signaling, can have deleteri-
ous cellular-damaging effects if not adequately regulated. 
For instance, excessive ROS scavenging or excessive 
mitophagy can both weaken the immune system and lead 
to mitochondrial depletion. Longitudinal safety monitor-
ing must be integrated into both early clinical trials and 
preclinical research to attain a balance between systemic 
risks and efficacy.

Integrating mitochondrial restoration strategies with other 
anti-aging approaches
Mitochondrial therapy techniques ought to be integrated 
as fundamental elements of a comprehensive therapeutic 
plan. Strategies aimed at modulating cellular nutrition 
sensing, reducing senescence burden, and promoting cel-
lular regeneration—including the application of senolyt-
ics, stem cell therapies, and metabolic regulators (e.g., 
metformin and rapamycin)—can significantly influ-
ence mitochondrial health. To augment stem cell regen-
erative potential, eradicate senescent cells, and improve 
mitochondrial turnover, synergistic treatment strategies 
are essential. There is not yet an optimal combination 
of medicines that has the least harmful effects and the 
most advantages. This requires the logical formulation of 
integrated precision medicine approaches grounded in 

precise data, including genetic background, disease con-
text, and biomarkers.

The future of mitochondrial treatment is quite prom-
ising. Research focused on identifying improved delivery 
mechanisms, mapping systemic communication path-
ways, discovering novel biomarkers, and conducting 
long-term safety evaluations is a critical stage toward the 
development of innovative mitochondria-targeted thera-
peutics. Combining mitochondrial restoration with other 
anti-aging treatments may also be a beneficial approach 
to enhance health and reduce the risk of age-related 
diseases. This could be achieved by employing a multi-
disciplinary approach that incorporates pharmacology, 
mitochondrial biology, systems medicine, and geosci-
ence. This would lead to the creation of new compounds 
and the advancement of this field.

Conclusion
Mitochondrial aging is best conceptualized as a decline 
in the level of information processing that results from 
the deterioration of systems across different levels of an 
organism, through the disruption of interactions among 
and between various components of their networks. 
Mitochondrial DNA (mtDNA) maintenance, mitochon-
drial dynamics, mitochondrial metabolism, and mito-
chondrial quality control (MQC) systems converge to 
impair mitochondria’s ability to integrate into cellular 
networks, leading to increased dysfunction through-
out those networks. Future research and therapeutic 
approaches directed at restoring the adaptive capacity 
and coordinated mitochondrial network level(s) of inte-
gration should be considered to replace or supplement 
current approaches aimed at treating individual pathways 
on a stand-alone basis.

The importance of seeing mitochondria as part of an 
integrated system is that evaluations of interventions 
that target mitochondria should not be based solely on 
whether they improve isolated processes (e.g., biogenesis, 
antioxidant ability, or mitophagy). Future studies must 
identify the point at which particular processes shift 
from being adaptive to maladaptive and what the biologi-
cal context is for those processes. The field faces several 
challenges, including: (1) defining the limits that separate 
compensation from failure for mitochondrial function; 
(2) developing biomarkers that reflect functional self-
sufficiency instead of just damage that has occurred; and 
(3) determining how variation in mitochondrial genet-
ics in different tissues may affect the trajectory for sys-
temic aging [2, 16, 140]. Answering these challenges will 
require longitudinal, systems approaches that permit 
molecular, metabolic, and functional profiling to be inte-
grated across all stages of life. The transition from cata-
loguing mitochondrial defects to studying their dynamic 
regulation will be essential for advancing mechanistic 
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understanding and creating meaningful translational 
impact.

Two examples of new and groundbreaking medications 
that show how fixing mitochondria could help people live 
longer are metabolic regulators and mitophagy inducers. 
But there are still many challenges that need to be fixed. 
For clinical translation to be effective, we require a com-
prehensive understanding of how mitochondria com-
municate across tissues, improved administration and 
bioavailability, long-term safety, and validated measures 
of mitochondrial aging. If you combine it with stem cell 
treatments and senolytics, you can receive even more 
anti-aging benefits. Studying mitochondria can help us 
understand the mechanisms of aging and lead to new 
approaches for treating it. Mitochondrial research could 
revolutionize the way we combat age-related diseases and 
extend our lifespan by enhancing diagnostics, treatments, 
and diagnostic tools.

Acknowledgements
We acknowledge the use of BioRender to develop the figures presented. 
Reprinted from “templates” by BioRender.com (2025) were used in this review 
article and retrieved from https:​​​//a​pp.bioren​der​.​com/bior​ender-templates.

Author contributions
HEM: Writing – original draft, Conceptualization. HEM: Review and edit drafts.

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).

Data availability
The paper and its supplementary information contain all the data supporting 
this review article.

Declarations

Ethical approval
Not applicable.

Consent for publication
Not applicable. This review article does not contain any studies involving 
human participants or animals performed by the author, nor does it include 
any identifiable personal data.

Competing interests
The authors declare that the review was conducted without any commercial 
or financial relationships that could create a conflict of interest.

Received: 21 November 2025 / Accepted: 16 March 2026

References
1.	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of 

aging. Cell. 2013;153(6):1194–217.
2.	 Sun N, Youle RJ, Finkel T. The mitochondrial basis of aging. Mol Cell. 

2016;61(5):654–66.
3.	 Wallace DC. Mitochondrial DNA mutations in disease and aging. Environ Mol 

Mutagen. 2010;51(5):440–50.
4.	 Fontana L, Partridge L, Longo VD. Dietary restriction, growth factors and 

aging: from yeast to humans. Volume 328. New York, NY: Science; 2010. p. 
321. 5976.

5.	 Houtkooper RH, Williams RW, Auwerx J. Metabolic networks of longevity. Cell. 
2010;142(1):9–14.

6.	 López-Lluch G, Navas P. Calorie restriction as an intervention in ageing. J 
Physiol. 2016;594(8):2043–60.

7.	 Short KR, Bigelow ML, Kahl J, Singh R, Coenen-Schimke J, Raghavakaimal S, et 
al. Decline in skeletal muscle mitochondrial function with aging in humans. 
Proc Natl Acad Sci. 2005;102(15):5618–23.

8.	 Trifunovic A, Larsson N. Mitochondrial dysfunction as a cause of ageing. J 
Intern Med. 2008;263(2):167–78.

9.	 Elhassan YS, Philp AA, Lavery GG. Targeting NAD + in metabolic disease: new 
insights into an old molecule. J Endocr Soc. 2017;1(7):816–35.

10.	 Kauppila TE, Kauppila JH, Larsson NG. Mammalian mitochondria and aging: 
an update. Cell Metabol. 2017;25(1):57–71.

11.	 Youle RJ, Van Der Bliek AM. Mitochondrial fission, fusion, and stress. Science. 
2012;337(6098):1062–5.

12.	 Chan DC. Mitochondrial dynamics and its involvement in disease. Annu Rev 
Pathol. 2020;15(1):235–59.

13.	 Palikaras K, Lionaki E, Tavernarakis N. Mechanisms of mitophagy in cellular 
homeostasis, physiology and pathology. Nat Cell Biol. 2018;20(9):1013–22.

14.	 Verdin E. NAD + in aging, metabolism, and neurodegeneration. Science. 
2015;350(6265):1208–13.

15.	 Rajman L, Chwalek K, Sinclair DA. Therapeutic potential of NAD-boosting 
molecules: the in vivo evidence. Cell Metabol. 2018;27(3):529–47.

16.	 Campisi J, Kapahi P, Lithgow GJ, Melov S, Newman JC, Verdin E. From 
discoveries in ageing research to therapeutics for healthy ageing. Nature. 
2019;571(7764):183–92.

17.	 Green CL, Lamming DW, Fontana L. Molecular mechanisms of dietary restric-
tion promoting health and longevity. Nat Rev Mol Cell Biol. 2022;23(1):56–73.

18.	 Schieber M, Chandel NS. ROS function in redox signaling and oxidative stress. 
Curr Biol. 2014;24(10):R453–62.

19.	 Picard M, McEwen BS. Psychological stress and mitochondria: a systematic 
review. Biopsychosoc Sci Med. 2018;80(2):141–53.

20.	 Harman D. Aging: a theory based on free radical and radiation chemistry. Sci 
Aging Knowl Environ. 2002;2002(37):cp14–14.

21.	 Srivastava S. The mitochondrial basis of aging and age-related disorders. 
Genes. 2017;8(12):398.

22.	 Riera CE, Merkwirth C, De Magalhaes Filho CD, Dillin A. Signaling networks 
determining life span. Annu Rev Biochem. 2016;85(1):35–64.

23.	 Xu X, Pang Y, Fan X. Mitochondria in oxidative stress, inflammation and aging: 
from mechanisms to therapeutic advances. Signal Transduct Target Therapy. 
2025;10(1):190.

24.	 West AP, Shadel GS. Mitochondrial DNA in innate immune responses and 
inflammatory pathology. Nat Rev Immunol. 2017;17(6):363–75.

25.	 Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a 
new immune–metabolic viewpoint for age-related diseases. Nat Reviews 
Endocrinol. 2018;14(10):576–90.

26.	 Zhang X, Gao Y, Zhang S, Wang Y, Pei X, Chen Y, et al. Mitochondrial dysfunc-
tion in the regulation of aging and aging-related diseases. Cell Communica-
tion Signal. 2025;23(1):290.

27.	 Fang EF, Hou Y, Lautrup S, Jensen MB, Yang B, SenGupta T, et al. NAD+ 
augmentation restores mitophagy and limits accelerated aging in Werner 
syndrome. Nat Commun. 2019;10(1):5284.

28.	 Andreux PA, Blanco-Bose W, Ryu D, Burdet F, Ibberson M, Aebischer P, et al. 
The mitophagy activator urolithin A is safe and induces a molecular signature 
of improved mitochondrial and cellular health in humans. Nat Metabolism. 
2019;1(6):595–603.

29.	 Bratic A, Larsson NG. The role of mitochondria in aging. J Clin Investig. 
2013;123(3):951–7.

30.	 Kang D, Hamasaki N. Maintenance of mitochondrial DNA integrity: repair and 
degradation. Curr Genet. 2002;41(5):311–22.

31.	 Alexeyev M, Shokolenko I, Wilson G, LeDoux S. The maintenance of mito-
chondrial DNA integrity—critical analysis and update. Cold Spring Harb 
Perspect Biol. 2013;5(5):a012641.

32.	 Stewart JB, Chinnery PF. The dynamics of mitochondrial DNA hetero-
plasmy: implications for human health and disease. Nat Rev Genet. 
2015;16(9):530–42.

33.	 Mareckova K, Mendes-Silva AP, Jáni M, Pacinkova A, Piler P, Gonçalves VF, et al. 
Mitochondrial DNA variants and their impact on epigenetic and biological 
aging in young adulthood. Translational Psychiatry. 2025;15(1):16.

34.	 Kim Y, Triolo M, Hood DA. Impact of aging and exercise on mitochon-
drial quality control in skeletal muscle. Oxidative Med Cell Longev. 
2017;2017(1):3165396.

https://app.biorender.com/biorender-templates


Page 26 of 27Marei Journal of Translational Medicine          (2026) 24:716 

35.	 Kobayashi H, Imanaka S. Mitochondrial dna damage and its repair mecha-
nisms in aging oocytes. Int J Mol Sci. 2024;25(23):13144.

36.	 Gustafson MA, Sullivan ED, Copeland WC. Consequences of compromised 
mitochondrial genome integrity. DNA Repair. 2020;93:102916.

37.	 Green AP, Klimm F, Marshall AS, Leetmaa R, Aryaman J, Gómez-Durán A, et 
al. Cryptic mitochondrial DNA mutations coincide with mid-late life and are 
pathophysiologically informative in single cells across tissues and species. 
Nat Commun. 2025;16(1):2250.

38.	 Kennedy SR, Salk JJ, Schmitt MW, Loeb LA. Ultra-sensitive sequencing reveals 
an age-related increase in somatic mitochondrial mutations that are incon-
sistent with oxidative damage. PLoS Genet. 2013;9(9):e1003794.

39.	 Vandiver AR, Hoang AN, Herbst A, Lee CC, Aiken JM, McKenzie D, et al. 
Nanopore sequencing identifies a higher frequency and expanded spectrum 
of mitochondrial DNA deletion mutations in human aging. Aging Cell. 
2023;22(6):e13842.

40.	 Liu F, Sun X, Wei C, Ji L, Song Y, Yang C, et al. Single-cell mitochondrial 
sequencing reveals low‐frequency mitochondrial mutations in naturally 
aging mice. Aging Cell. 2024;23(9):e14242.

41.	 Phan HTL, Lee H, Kim K. Trends and prospects in mitochondrial genome edit-
ing. Exp Mol Med. 2023;55(5):871–8.

42.	 Lanza IR, Nair KS. Mitochondrial function as a determinant of life span. 
Pflügers Archiv-European J Physiol. 2010;459(2):277–89.

43.	 Krishnan KJ, Greaves LC, Reeve AK, Turnbull D. The ageing mitochondrial 
genome. Nucleic Acids Res. 2007;35(22):7399–405.

44.	 Stewart JB, Chinnery PF. Extreme heterogeneity of human mitochondrial 
DNA from organelles to populations. Nat Rev Genet. 2021;22(2):106–18.

45.	 Chen G, Kroemer G, Kepp O. Mitophagy: an emerging role in aging and age-
associated diseases. Front cell Dev biology. 2020;8:200.

46.	 Cuesta JM, Singer M. The stress response and critical illness: a review. Crit Care 
Med. 2012;40(12):3283–9.

47.	 Cohen AA. Complex systems dynamics in aging: new evidence, continuing 
questions. Biogerontology. 2016;17(1):205–20.

48.	 Maldonado E, Morales-Pison S, Urbina F, Solari A. Aging hallmarks and the 
role of oxidative stress. Antioxidants. 2023;12(3):651.

49.	 Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol. 
2011;12(1):9–14.

50.	 Shen Y, Jiang WL, Li X, Cao AL, Li D, Li SZ, et al. Mitochondrial dynam-
ics in neurological diseases: a narrative review. Annals Translational Med. 
2023;11(6):264.

51.	 Zhang A, Pan Y, Wang H, Ding R, Zou T, Guo D, et al. Excessive processing and 
acetylation of OPA1 aggravate age-related hearing loss via the dysregulation 
of mitochondrial dynamics. Aging Cell. 2024;23(4):e14091.

52.	 Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and disease: mecha-
nisms and potential targets. Signal Transduct Target therapy. 2023;8(1):333.

53.	 Zacharioudakis E, Gavathiotis E. Mitochondrial dynamics proteins as emerg-
ing drug targets. Trends Pharmacol Sci. 2023;44(2):112–27.

54.	 Katajisto P, Döhla J, Chaffer CL, Pentinmikko N, Marjanovic N, Iqbal S, et al. 
Asymmetric apportioning of aged mitochondria between daughter cells is 
required for stemness. Science. 2015;348(6232):340–3.

55.	 Noone J, O’Gorman DJ, Kenny HC. OPA1 regulation of mitochondrial 
dynamics in skeletal and cardiac muscle. Trends Endocrinol Metabolism. 
2022;33(10):710–21.

56.	 Song Z, Xia Y, Shi L, Zha H, Huang J, Xiang X, et al. Inhibition of Drp1-Fis1 
interaction alleviates aberrant mitochondrial fragmentation and acute kidney 
injury. Cell Mol Biol Lett. 2024;29(1):31.

57.	 Somasundaram I, Jain SM, Blot-Chabaud M, Pathak S, Banerjee A, Rawat S, et 
al. Mitochondrial dysfunction and its association with age-related disorders. 
Front Physiol. 2024;15:1384966.

58.	 Kondadi AK, Anand R, Reichert AS. Functional interplay between cristae 
biogenesis, mitochondrial dynamics and mitochondrial DNA integrity. Int J 
Mol Sci. 2019;20(17):4311.

59.	 Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration of mitochondrial 
biogenesis. Trends Endocrinol Metabolism. 2012;23(9):459–66.

60.	 Nunnari J, Suomalainen A. Mitochondria: in sickness and in health. Cell. 
2012;148(6):1145–59.

61.	 Scarpulla RC. Metabolic control of mitochondrial biogenesis through the 
PGC-1 family regulatory network. Biochim et Biophys acta (BBA)-molecular 
cell Res. 2011;1813(7):1269–78.

62.	 Verdin E, Hirschey MD, Finley LW, Haigis MC. Sirtuin regulation of mito-
chondria: energy production, apoptosis, and signaling. Trends Biochem Sci. 
2010;35(12):669–75.

63.	 Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key modulator of age-
ing and age-related disease. Nature. 2013;493(7432):338–45.

64.	 Chrienova Z, Nepovimova E, Kuca K. The role of mTOR in age-related diseases. 
J Enzyme Inhib Med Chem. 2021;36(1):1678–92.

65.	 Civitarese AE, Carling S, Heilbronn LK, Hulver MH, Ukropcova B, Deutsch WA, 
et al. Calorie restriction increases muscle mitochondrial biogenesis in healthy 
humans. PLoS Med. 2007;4(3):e76.

66.	 Zhou S, Tang X, Chen HZ. Sirtuins and insulin resistance. Front Endocrinol. 
2018;9:748.

67.	 Lanza IR, Sreekumaran Nair K. Regulation of skeletal muscle mitochondrial 
function: genes to proteins. Acta Physiol. 2010;199(4):529–47.

68.	 Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited selectively 
to impaired mitochondria and promotes their autophagy. J Cell Biol. 
2008;183(5):795–803.

69.	 Jin SM, Youle RJ. PINK1-and Parkin-mediated mitophagy at a glance. J Cell Sci. 
2012;125(4):795–9.

70.	 Kane LA, Lazarou M, Fogel AI, Li Y, Yamano K, Sarraf SA, et al. PINK1 phos-
phorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity. J Cell Biol. 
2014;205(2):143–53.

71.	 Novak I, Kirkin V, McEwan DG, Zhang J, Wild P, Rozenknop A, et al. Nix is 
a selective autophagy receptor for mitochondrial clearance. EMBO Rep. 
2009;11(1):45.

72.	 Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, et al. Mitochondrial outer-
membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mam-
malian cells. Nat Cell Biol. 2012;14(2):177–85.

73.	 Zhang J, Ney PA. Role of BNIP3 and NIX in cell death, autophagy, and 
mitophagy. Cell Death Differ. 2009;16(7):939–46.

74.	 Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy 
through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13(2):132–41.

75.	 Egan DF, Shackelford DB, Mihaylova MM, Gelino S, Kohnz RA, Mair W, et al. 
Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects 
energy sensing to mitophagy. Science. 2011;331(6016):456–61.

76.	 Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease. 
Cell. 2017;168(6):960–76.

77.	 Settembre C, Di Malta C, Polito VA, Arencibia MG, Vetrini F, Erdin S, et al. TFEB 
links autophagy to lysosomal biogenesis. Science. 2011;332(6036):1429–33.

78.	 Ballabio A, Napolitano G. TFEB at a glance. J Cell Sci. 2016;jcs-146365.
79.	 Plaza-Zabala A, Sierra-Torre V, Sierra A. Autophagy and microglia: novel part-

ners in neurodegeneration and aging. Int J Mol Sci. 2017;18(3):598.
80.	 Picca A, Guerra F, Calvani R, Coelho-Júnior HJ, Landi F, Bucci C, et al. 

Mitochondrial-derived vesicles: the good, the bad, and the ugly. Int J Mol Sci. 
2023;24(18):13835.

81.	 Ferrucci L, Guerra F, Bucci C, Marzetti E, Picca A. Mitochondria break free: 
Mitochondria-derived vesicles in aging and associated conditions. Ageing 
Res Rev. 2024;102:102549.

82.	 Gilsrud AJ, Narendra DP. Methods for monitoring mitophagy using mt-keima. 
Selective autophagy: methods and protocols. Springer; 2024. pp. 151–60.

83.	 Yang M, Fu JD, Zou J, Sridharan D, Zhao MT, Singh H, et al. Assessment 
of mitophagy in human iPSC-derived cardiomyocytes. Autophagy. 
2022;18(10):2481–94.

84.	 König T, McBride HM. Mitochondrial-derived vesicles in metabolism, disease, 
and aging. Cell Metabol. 2024;36(1):21–35.

85.	 Singh A, D’Amico D, Andreux PA, Fouassier AM, Blanco-Bose W, Evans M, et al. 
Urolithin A improves muscle strength, exercise performance, and biomarkers 
of mitochondrial health in a randomized trial in middle-aged adults. Cell Rep 
Med. 2022;3(5).

86.	 Kuerec AH, Lim XK, Khoo AL, Sandalova E, Guan L, Feng L, et al. Targeting 
aging with urolithin A in humans: A systematic review. Ageing Res Rev. 
2024;100:102406.

87.	 Mills KF, Yoshida S, Stein LR, Grozio A, Kubota S, Sasaki Y, et al. Long-term 
administration of nicotinamide mononucleotide mitigates age-associated 
physiological decline in mice. Cell Metabol. 2016;24(6):795–806.

88.	 Cantó C, Menzies KJ, Auwerx J. NAD+ metabolism and the control of energy 
homeostasis: a balancing act between mitochondria and the nucleus. Cell 
Metabol. 2015;22(1):31–53.

89.	 Yoshino J, Baur JA, Imai SI. NAD+ intermediates: the biology and therapeutic 
potential of NMN and NR. Cell Metab. 2018;27(3):513–28.

90.	 Covarrubias AJ, Perrone R, Grozio A, Verdin E. NAD+ metabolism and its roles 
in cellular processes during ageing. Nat Rev Mol Cell Biol. 2021;22(2):119–41.

91.	 Conlon NJ. The role of NAD + in regenerative medicine. Plast Reconstr Surg. 
2022;150:S41–8.



Page 27 of 27Marei Journal of Translational Medicine          (2026) 24:716 

92.	 Yusri K, Jose S, Vermeulen KS, Tan TCM, Sorrentino V. The role of NAD+ 
metabolism and its modulation of mitochondria in aging and disease. npj 
Metabolic Health Disease. 2025;3(1):26.

93.	 Poljšak B, Kovač V, Milisav I. Current uncertainties and future challenges 
regarding NAD+ boosting strategies. Antioxidants. 2022;11(9):1637.

94.	 Elhassan YS, Kluckova K, Fletcher RS, Schmidt MS, Garten A, Doig CL, et al. 
Nicotinamide riboside augments the aged human skeletal muscle NAD+ 
metabolome and induces transcriptomic and anti-inflammatory signatures. 
Cell Rep. 2019;28(7):1717–28.

95.	 Igarashi M, Nakagawa-Nagahama Y, Miura M, Kashiwabara K, Yaku K, Sawada 
M, et al. Chronic nicotinamide mononucleotide supplementation elevates 
blood nicotinamide adenine dinucleotide levels and alters muscle function 
in healthy older men. npj Aging. 2022;8(1):5.

96.	 Dollerup OL, Christensen B, Svart M, Schmidt MS, Sulek K, Ringgaard S, et al. 
A randomized placebo-controlled clinical trial of nicotinamide riboside in 
obese men: safety, insulin-sensitivity, and lipid-mobilizing effects. Am J Clin 
Nutr. 2018;108(2):343–53.

97.	 McDermott MM, Martens CR, Domanchuk KJ, Zhang D, Peek CB, Criqui MH, et 
al. Nicotinamide riboside for peripheral artery disease: the NICE randomized 
clinical trial. Nat Commun. 2024;15(1):5046.

98.	 Freeberg KA, Udovich CC, Martens CR, Seals DR, Craighead DH. Dietary 
supplementation with NAD+-boosting compounds in humans: cur-
rent knowledge and future directions. Journals Gerontology: Ser A. 
2023;78(12):2435–48.

99.	 Rosencrans WM, Lee RW, McGraw L, Horsburgh I, Wang TY, Quan B, et al. Puta-
tive PINK1/Parkin activators lower the threshold for mitophagy by sensitizing 
cells to mitochondrial stress. Sci Adv. 2025;11(35):eady0240.

100.	 Miwa S, Kashyap S, Chini E, von Zglinicki T. Mitochondrial dysfunction in cell 
senescence and aging. J Clin Investig. 2022;132(13).

101.	 Smith RA, Murphy MP. Animal and human studies with the mitochondria-
targeted antioxidant MitoQ. Ann N Y Acad Sci. 2010;1201(1):96–103.

102.	 Murray KO, Berryman-Maciel M, Darvish S, Coppock ME, You Z, Chonchol M, 
et al. Mitochondrial-targeted antioxidant supplementation for improving 
age-related vascular dysfunction in humans: a study protocol. Front Physiol. 
2022;13:980783.

103.	 Jiang Q, Yin J, Chen J, Ma X, Wu M, Liu G, et al. Mitochondria-targeted 
antioxidants: a step towards disease treatment. Oxidative Med Cell Longev. 
2020;2020(1):8837893.

104.	 Rondeau JD, Lipari S, Mathieu B, Beckers C, Van de Velde JA, Mignion L, et 
al. Mitochondria-targeted antioxidant MitoQ radiosensitizes tumors by 
decreasing mitochondrial oxygen consumption. Cell Death Discovery. 
2024;10(1):514.

105.	 Ristow M, Schmeisser K. Mitohormesis: promoting health and lifespan 
by increased levels of reactive oxygen species (ROS). Dose-response. 
2014;12(2):dose–response.

106.	 Yun J, Finkel T, Mitohormesis. Cell Metabol. 2014;19(5):757–66.
107.	 Smith RA, Hartley RC, Cocheme HM, Murphy MP. Mitochondrial pharmacol-

ogy. Trends Pharmacol Sci. 2012;33(6):341–52.
108.	 Ryu D, Mouchiroud L, Andreux PA, Katsyuba E, Moullan N, Nicolet-dit-Félix 

AA, et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans 
and increases muscle function in rodents. Nat Med. 2016;22(8):879–88.

109.	 Liu S, D’Amico D, Shankland E, Bhayana S, Garcia JM, Aebischer P, et al. 
Effect of urolithin A supplementation on muscle endurance and mitochon-
drial health in older adults: a randomized clinical trial. JAMA Netw open. 
2022;5(1):e2144279–2144279.

110.	 Ghosh D, Kumar A. Harnessing mitophagy for therapeutic advances in aging 
and chronic neurodegenerative diseases. Neuroglia. 2024;5(4):391–409.

111.	 Saliev T, Singh PB. Targeting Senescence: A Review of Senolytics and Seno-
morphics in Anti-Aging Interventions. Biomolecules. 2025;15(6):860.

112.	 Jiménez-Loygorri JI, Villarejo-Zori B, Viedma-Poyatos Á, Zapata-Muñoz J, 
Benítez-Fernández R, Frutos-Lisón MD, et al. Mitophagy curtails cytosolic 
mtDNA-dependent activation of cGAS/STING inflammation during aging. 
Nat Commun. 2024;15(1):830.

113.	 Zhou R, Yazdi AS, Menu P, Tschopp J. A role for mitochondria in NLRP3 inflam-
masome activation. Nature. 2011;469(7329):221–5.

114.	 Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al. Oxidized 
mitochondrial DNA activates the NLRP3 inflammasome during apoptosis. 
Immunity. 2012;36(3):401–14.

115.	 Ichinohe T, Yamazaki T, Koshiba T, Yanagi Y. Mitochondrial protein mitofusin 2 
is required for NLRP3 inflammasome activation after RNA virus infection. Proc 
Natl Acad Sci. 2013;110(44):17963–8.

116.	 Gupta S, Cassel SL, Sutterwala FS, Dagvadorj J. Regulation of the 
NLRP3 inflammasome by autophagy and mitophagy. Immunol Rev. 
2025;329(1):e13410.

117.	 West P. Mitochondrial DNA stress primes the antiviral innate immune 
response. Biophys J. 2015;108(2):3a.

118.	 Riley JS, Tait SW. Mitochondrial DNA in inflammation and immunity. EMBO 
Rep. 2020;21(4):e49799.

119.	 Ghosh S, Karin M. Missing pieces in the NF-κB puzzle. Cell. 
2002;109(2):S81–96.

120.	 Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS–STING path-
way as a therapeutic target in inflammatory diseases. Nat Rev Immunol. 
2021;21(9):548–69.

121.	 Luo H, Mu WC, Karki R, Chiang HH, Mohrin M, Shin JJ, et al. Mitochondrial 
stress-initiated aberrant activation of the NLRP3 inflammasome regulates 
the functional deterioration of hematopoietic stem cell aging. Cell Rep. 
2019;26(4):945–54.

122.	 Picard M, Wallace DC, Burelle Y. The rise of mitochondria in medicine. Mito-
chondrion. 2016;30:105–16.

123.	 Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al. 
Chronic inflammation in the etiology of disease across the life span. Nat Med. 
2019;25(12):1822–32.

124.	 Wang S, Long H, Hou L, Feng B, Ma Z, Wu Y, et al. The mitophagy pathway 
and its implications in human diseases. Signal Transduct Target therapy. 
2023;8(1):304.

125.	 Pickles S, Vigié P, Youle RJ. Mitophagy and quality control mechanisms in 
mitochondrial maintenance. Curr Biol. 2018;28(4):R170–85.

126.	 Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardio-
vascular disease, and frailty. Nat Reviews Cardiol. 2018;15(9):505–22.

127.	 Verkhratsky A, Nedergaard M. Physiology of astroglia. Physiol Rev. 
2018;98(1):239–389.

128.	 Santidrian AF, Matsuno-Yagi A, Ritland M, Seo BB, LeBoeuf SE, Gay LJ, et al. 
Mitochondrial complex I activity and NAD+/NADH balance regulate breast 
cancer progression. J Clin Investig. 2013;123(3):1068–81.

129.	 Kirkland J, Tchkonia T. Senolytic drugs: from discovery to translation. J Intern 
Med. 2020;288(5):518–36.

130.	 Pickrell AM, Youle RJ. The roles of PINK1, parkin, and mitochondrial fidelity in 
Parkinson’s disease. Neuron. 2015;85(2):257–73.

131.	 Picca A, Mankowski RT, Burman JL, Donisi L, Kim JS, Marzetti E, et al. Mito-
chondrial quality control mechanisms as molecular targets in cardiac ageing. 
Nat Reviews Cardiol. 2018;15(9):543–54.

132.	 Tomita K, Kuwahara Y, Igarashi K, Roudkenar MH, Roushandeh AM, Kurimasa 
A, et al. Mitochondrial dysfunction in diseases, longevity, and treatment 
resistance: tuning mitochondria function as a therapeutic strategy. Genes. 
2021;12(9):1348.

133.	 Murphy MP. Antioxidants as therapies: can we improve on nature? Free Radic 
Biol Med. 2014;66:20–3.

134.	 Gane EJ, Weilert F, Orr DW, Keogh GF, Gibson M, Lockhart MM, et al. The 
mitochondria-targeted anti‐oxidant mitoquinone decreases liver damage in 
a phase II study of hepatitis C patients. Liver Int. 2010;30(7):1019–26.

135.	 Justice JN, Ferrucci L, Newman AB, Aroda VR, Bahnson JL, Divers J, et al. A 
framework for selection of blood-based biomarkers for geroscience-guided 
clinical trials: report from the TAME Biomarkers Workgroup. Geroscience. 
2018;40(5):419–36.

136.	 Kritchevsky SB, Cummings SR. Geroscience: a translational review. JAMA. 
2025.

137.	 Belsky DW, Caspi A, Houts R, Cohen HJ, Corcoran DL, Danese A, et al. 
Quantification of biological aging in young adults. Proc Natl Acad Sci. 
2015;112(30):E4104–10.

138.	 Berry SM, Connor JT, Lewis RJ. The platform trial: an efficient strategy for 
evaluating multiple treatments. JAMA. 2015;313(16):1619–20.

139.	 Cesari M, Marzetti E, Thiem U, Pérez-Zepeda MU, Van Kan GA, Landi F, et al. 
The geriatric management of frailty as paradigm of The end of the disease 
era. Eur J Intern Med. 2016;31:11–4.

140.	 Justice JN, Kritchevsky SB. Putting epigenetic biomarkers to the test for clini-
cal trials. Elife. 2020;9:e58592.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Mitochondria at the heart of aging: structure, function, and failure
	﻿Abstract
	﻿Introduction
	﻿Foundational and conceptual frameworks of aging
	﻿The hallmarks of aging as a framework
	﻿Mitochondria as central players in aging
	﻿Expanding the mitochondrial paradigm: beyond energy production
	﻿Mitochondria, oxidative stress, and inflammation
	﻿Mitochondrial dysfunction as a systemic driver of aging
	﻿Integrative perspectives and implications

	﻿Mitochondrial DNA integrity, mutations, and damage
	﻿Mechanisms of mtDNA integrity maintenance
	﻿Nature, types, and consequences of mtDNA mutations
	﻿Recent evidence on mtDNA mutations and aging
	﻿Integrative mechanisms: damage, repair, mutation accumulation, and threshold effects
	﻿Therapeutic and research implications

	﻿Mitochondrial dynamics: fission, fusion, and morphology
	﻿Mitochondrial function, bioenergetics, and regulation
	﻿Mitophagy, quality control, and turnover
	﻿NAD⁺ metabolism and mitochondrial regulation
	﻿Therapeutic interventions and translational approaches
	﻿Mitochondrial dysfunction-associated senescence (MiDAS): distinguishing mitochondrial-specific senescence from canonical DNA damage-induced senescence
	﻿Therapeutic limitations, risks, and population-specific considerations

	﻿Future directions and challenges
	﻿Improving delivery and bioavailability of mitochondrial therapeutics
	﻿Understanding inter-tissue mitochondrial communication and systemic aging
	﻿Identifying reliable biomarkers of mitochondrial aging
	﻿Addressing safety and long-term efficacy of mitochondrial interventions
	﻿Integrating mitochondrial restoration strategies with other anti-aging approaches

	﻿Conclusion
	﻿References


