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1. Introduction

Aging is a complex, multifactorial biological process associated with a gradual decline in cellular function and an increased risk
of diseases such as Alzheimer’s, cardiovascular disease, diabetes, and cancer [l. Mitochondria play a central role in these
processes, acting as energy hubs and regulators of apoptosis and redox balance [2!. The mitochondrial free radical theory of aging
(MFRTA) suggests that ROS generated during oxidative phosphorylation damage mitochondrial DNA (mtDNA), leading to
progressive dysfunction and aging 1.

2. Mitochondrial Structure and Function

Mitochondria consist of an outer membrane, intermembrane space, inner membrane (with cristae), and matrix. The electron
transport chain (ETC) embedded in the inner membrane is crucial for ATP production . Mitochondria are also involved in
calcium signaling, lipid metabolism, and apoptosis regulation B1.

3. Mechanisms of Mitochondrial Dysfunction in Aging

3.1. Accumulation of mtDNA Mutations

MtDNA is particularly vulnerable due to proximity to ROS and lack of protective histones. Mutations accumulate with age,
compromising ETC integrity 671,

3.2. Oxidative Stress and ROS
ROS, primarily generated at Complex I and III of the ETC, can damage lipids, proteins, and nucleic acids. Aging tissues show
increased ROS levels and diminished antioxidant capacity 319,

3.3. Impaired Mitochondrial Dynamics

Fusion (regulated by MFN1/2, OPA1) and fission (DRP1, FIS1) are essential for mitochondrial quality control. Aging is
associated with imbalanced dynamics, leading to fragmented or hyperfused mitochondria ['!- 121,
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3.4. Decreased Mitophagy

Selective autophagy of dysfunctional mitochondria declines
with age, contributing to accumulation of defective
organelles [13 141,

3.5. NAD+ Depletion

NAD+ is essential for sirtuin activation and mitochondrial
health. Its levels decline with age, impairing metabolic
regulation and DNA repair 1116,

4. Role in Age-Related Diseases

4.1. Neurodegenerative Disorders

Mitochondrial dysfunction is a major contributor to
Alzheimer’s disease (AD), Parkinson’s disease (PD), and
amyotrophic lateral sclerosis (ALS). Defects in Complex I

and decreased ATP levels have been reported in AD brains
[17-19]

4.2. Cardiovascular Diseases (CVDs)
Age-related heart failure and atherosclerosis are linked to
oxidative damage, mitochondrial calcium overload, and
reduced mitochondrial biogenesis [2°-22],

4.3. Metabolic Disorders

Mitochondrial dysfunction contributes to insulin resistance,
type 2 diabetes, and obesity. Defective B-oxidation and
increased ROS impair pancreatic B-cell function 23231,

4.4. Cancer

Altered mitochondrial metabolism (Warburg effect),
mutations in mitochondrial genes, and ROS-driven genomic
instability promote tumorigenesis 26281,

4.5. Sarcopenia and Muscle Aging

Mitochondrial degradation in skeletal muscles leads to
muscle atrophy, reduced endurance, and physical decline in
the elderly 2391,

5. Therapeutic Strategies Targeting Mitochondria

5.1. Antioxidants

Compounds like Coenzyme Q10, MitoQ, and vitamin E have
been explored, but their clinical efficacy remains limited due
to poor bioavailability 3% 321,

5.2. NAD+ Precursors

Nicotinamide  riboside =~ (NR) and  nicotinamide
mononucleotide (NMN) boost NAD+ levels and improve
mitochondrial function in aging models [3% 34,

5.3. Caloric Restriction and Fasting
These interventions enhance mitochondrial biogenesis and

reduce oxidative stress via AMPK and sirtuin pathways B>
36]

5.4. Mitochondrial Biogenesis Inducers
Activators of PGC-1a (like resveratrol and exercise) promote
formation of new mitochondria [37-381,

5.5. Gene Therapy and CRISPR

Techniques targeting mtDNA mutations using mitochondria-
targeted nucleases are emerging but are in early research
stages [3],
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5.6. Senolytics and Mitophagy Enhancers
Drugs like urolithin A and spermidine promote mitophagy
and rejuvenate mitochondrial populations %411,

6. Mitochondrial Biomarkers of Aging

Markers such as mitochondrial membrane potential, mtDNA
copy number, ROS levels, and citrate synthase activity are
used to assess mitochondrial health in aging studies 2441,

7. Future Directions

e Precision Mitochondrial Medicine: Personalized
therapies targeting mtDNA variants.

e Alin Mitochondrial Pathology Prediction: Integrating
omics data to predict dysfunction.

e Stem Cell-Based Mitochondrial Transfer: Replacing
defective mitochondria in degenerative diseases 4471,

8. Discussion

Mitochondrial dysfunction is not only a hallmark but also a
driver of aging. Therapeutic interventions targeting
mitochondrial metabolism, dynamics, and genome integrity
hold promise in delaying age-related degeneration. However,
translating these findings from animal models to humans
requires rigorous validation.

9. Conclusion

The centrality of mitochondrial health in aging and disease
underscores the need for integrated research and targeted
therapies. Addressing mitochondrial dysfunction offers a
viable path to healthier aging and mitigation of age-
associated pathologies.
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