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Abstract 

Mitochondria are multifunctional organelles that play an essential role in cellular energy 

production and metabolic regulation. Traditionally recognized as the “powerhouses” of the 

cell, mitochondria are now known to participate in numerous biological processes including 

apoptosis, calcium homeostasis, reactive oxygen species (ROS) generation, and regulation of 

cellular signalling pathways. Increasing evidence suggests that mitochondrial dysfunction 

contributes significantly to the aging process and the development of several age-related 

diseases such as neurodegenerative disorders, cardiovascular diseases, metabolic syndromes, 

and cancer. Aging is a complex biological process characterized by the progressive 

deterioration of physiological systems, resulting in impaired function and a higher risk of 

death. It is associated with structural and functional alterations in mitochondria, including 

mitochondrial DNA mutations, impaired oxidative phosphorylation, increased ROS 

production, and decreased mitochondrial quality control mechanisms. These alterations 

disrupt cellular homeostasis and accelerate tissue degeneration. This review summarizes 

current knowledge on mitochondrial structure and function, the mechanisms responsible for 

mitochondrial dysfunction during aging, and their involvement in age-related diseases. 

Additionally, potential therapeutic strategies aimed at preserving mitochondrial function are 

also discussed. 
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1. Introduction 

Aging is a complex biological process characterized by progressive decline in cellular and 

physiological functions, which ultimately increases susceptibility to chronic diseases. Several 

molecular mechanisms have been proposed to explain the aging process, including genomic 

instability, telomere attrition, epigenetic alterations, and mitochondrial dysfunction (López-
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Otín et al., 2013). Among these factors, mitochondrial dysfunction has emerged as one of the 

most significant contributors to cellular aging and age-associated disorders. 

Mitochondria are double-membrane organelles responsible for producing cellular energy in 

the form of adenosine triphosphate (ATP) through oxidative phosphorylation (Wallace, 

2005). In addition to energy production, mitochondria regulate multiple cellular processes 

such as apoptosis, redox signalling, calcium homeostasis, and metabolic regulation (Green & 

Reed, 1998; Lane, 2011). Because of their central role in maintaining cellular homeostasis, 

mitochondria are often considered key determinants of cell survival and function. 

Unlike other cellular organelles, mitochondria possess their own genetic material known as 

mitochondrial DNA (mtDNA). This genome encodes essential components of the electron 

transport chain required for ATP production. However, mtDNA is highly susceptible to 

oxidative damage due to its proximity to the electron transport chain and the absence of 

protective histone proteins (Bratic and Larsson, 2013). As a result, mutations accumulate in 

mitochondrial DNA over time, which can impair mitochondrial function and contribute to 

cellular aging. 

Another important feature of mitochondria is their dynamic nature. Mitochondria constantly 

undergo fusion and fission processes that allow them to maintain their structural integrity and 

adapt to metabolic demands (Sun et al., 2016). These processes are essential for maintaining 

mitochondrial quality control. However, disruptions in mitochondrial dynamics can lead to 

the accumulation of damaged mitochondria within cells. 

Accumulating evidence indicates that mitochondrial dysfunction is closely associated with 

the aging process. Age-related mitochondrial changes include decreased ATP production, 

increased generation of reactive oxygen species, reduced mitochondrial biogenesis, and 

impaired mitophagy (Balaban et al., 2005; Sun et al., 2016). These alterations compromise 

cellular metabolism and promote the development of degenerative diseases. 

Mitochondrial dysfunction has been implicated in numerous age-related diseases including 

Alzheimer’s disease, Parkinson’s disease, cardiovascular diseases, metabolic disorders, and 

cancer (Wallace, 2005; López-Otín et al., 2013). Because mitochondria are involved in such 

a wide range of cellular processes, maintaining mitochondrial health is essential for 

preserving cellular function during aging. 

Therefore, understanding the mechanisms underlying mitochondrial dysfunction may provide 

valuable insights into the aging process and help identify potential therapeutic targets for 

preventing age-related diseases. 
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2. Structure and Function of Mitochondria 

 

Mitochondria are highly specialized organelles characterized by a double-membrane structure 

consisting of an outer mitochondrial membrane and an inner mitochondrial membrane. The 

outer membrane functions as a protective barrier and contains protein channels that regulate 

the transport of metabolites and ions between the mitochondrion and the cytoplasm (Lane, 

2011). 

The inner mitochondrial membrane is highly folded into structures called cristae, which 

increase the surface area available for biochemical reactions involved in oxidative 

phosphorylation. Embedded within this membrane are the protein complexes of the electron 

transport chain that generate ATP through a series of redox reactions (Wallace, 2005). 

 

The mitochondrial matrix contains enzymes involved in the tricarboxylic acid (TCA) cycle, 

mitochondrial DNA, ribosomes, and various metabolic intermediates necessary for cellular 

respiration (Bratic & Larsson, 2013). 

 

Mitochondria perform several essential functions in the cell, including: 

• Production of ATP through oxidative phosphorylation (Wallace, 2005) 

• Regulation of programmed cell death or apoptosis (Green & Reed, 1998) 

• Maintenance of calcium homeostasis (Balaban et al., 2005) 

• Generation and detoxification of reactive oxygen species (Balaban et al., 2005) 

• Regulation of metabolic pathways including fatty acid oxidation and amino acid 

metabolism (Lane, 2011) 

 

Due to these diverse functions, mitochondria are considered central regulators of cellular 

metabolism and survival. 

 

3. Mitochondria and the Biology of Aging 

 

The relationship between mitochondria and aging has been widely studied in recent decades. 

One of the most influential theories explaining this relationship is the mitochondrial free 

radical theory of aging, which suggests that the accumulation of oxidative damage caused by 

reactive oxygen species contributes significantly to the aging process (Balaban et al., 2005). 
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During normal mitochondrial respiration, electrons are transferred through the electron 

transport chain to generate ATP. However, a small fraction of these electrons may leak and 

react with oxygen to form reactive oxygen species such as superoxide radicals. Although 

cells possess antioxidant defence mechanisms to neutralize these molecules, excessive ROS 

production can cause damage to cellular components (Sun et al., 2016). 

Over time, oxidative damage accumulates in mitochondrial proteins, lipids, and DNA, 

leading to impaired mitochondrial function and reduced energy production (Bratic & Larsson, 

2013). Furthermore, damaged mitochondria may generate even higher levels of ROS, 

creating a cycle of oxidative stress that accelerates cellular aging. 

Another important factor contributing to mitochondrial aging is the decline in mitochondrial 

biogenesis. Reduced activity of transcriptional regulators such as PGC-1α can limit the 

formation of new mitochondria, thereby decreasing cellular energy capacity (López-Otín et 

al., 2013). 

 

4. Mitochondrial Dysfunction in Age-Related Diseases 

 

Mitochondrial dysfunction is strongly associated with several chronic diseases that 

commonly occur during aging. Neurodegenerative diseases such as Alzheimer’s disease and 

Parkinson’s disease are characterized by impaired mitochondrial energy production and 

increased oxidative stress, which ultimately lead to neuronal degeneration (López-Otín et al., 

2013). Similarly, mitochondrial dysfunction in cardiac cells can impair energy metabolism 

and contribute to cardiovascular diseases including heart failure and ischemic injury 

(Wallace, 2005). Metabolic disorders such as obesity and type 2 diabetes are also associated 

with mitochondrial dysfunction. Reduced mitochondrial oxidation of fatty acids and glucose 

contributes to metabolic imbalance and insulin resistance (Bratic & Larsson, 2013). 

n cancer, mitochondrial alterations influence metabolic pathways that allow tumor cells to 

survive and proliferate rapidly under altered metabolic conditions (Wallace, 2005). 

 

5. Mitochondrial Quality Control Mechanisms 

 

To maintain cellular homeostasis, mitochondria possess several quality control mechanisms 

that regulate their structure, number, and function. These mechanisms include mitochondrial 

biogenesis, mitochondrial dynamics (fusion and fission), and mitophagy. Proper regulation of 

these processes ensures that damaged or dysfunctional mitochondria are removed and 
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replaced with newly synthesized organelles. Mitochondrial biogenesis is regulated by 

transcriptional coactivators such as peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha (PGC-1α), which stimulates the expression of nuclear and mitochondrial 

genes required for mitochondrial replication and function (Scarpulla, 2011). Aging is often 

associated with decreased expression of PGC-1α, leading to reduced mitochondrial 

biogenesis and impaired cellular energy metabolism. 

Mitochondrial dynamics involve continuous cycles of fusion and fission that maintain 

mitochondrial integrity. Fusion allows mitochondria to mix their contents and dilute damaged 

components, while fission facilitates the removal of damaged mitochondria through 

mitophagy (Youle & van der Bliek, 2012). Disruption of these processes can result in 

mitochondrial fragmentation and dysfunction. Mitophagy is a specialized form of autophagy 

that selectively removes damaged mitochondria. The PINK1-Parkin pathway plays a crucial 

role in this process by identifying and targeting defective mitochondria for degradation 

(Pickrell & Youle, 2015). Age-related decline in mitophagy leads to the accumulation of 

dysfunctional mitochondria and contributes to cellular aging. 

 

6. Role of Mitochondrial Dysfunction in Specific Age-Related Diseases 

6.1 Neurodegenerative diseases 

 

Mitochondrial dysfunction has been strongly implicated in neurodegenerative diseases such 

as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Neurons are highly 

dependent on mitochondrial ATP production for maintaining synaptic transmission and 

neuronal signaling. Impaired mitochondrial function can lead to reduced energy supply, 

increased oxidative stress, and neuronal degeneration (Lin & Beal, 2006). 

 

In Alzheimer’s disease, mitochondrial abnormalities include decreased cytochrome oxidase 

activity, increased oxidative damage, and altered mitochondrial dynamics (Swerdlow, 2018). 

Similarly, mutations in genes involved in mitochondrial quality control, such as PINK1 and 

Parkin, have been linked to Parkinson’s disease (Pickrell & Youle, 2015). 

6.2 Cardiovascular Diseases 

 

The heart requires a continuous supply of ATP to maintain its contractile activity. 

Approximately 90% of cardiac ATP is generated by mitochondria through oxidative 

phosphorylation. Mitochondrial dysfunction can therefore severely impair cardiac energy 
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metabolism and contribute to conditions such as cardiomyopathy, ischemic injury, and heart 

failure (Rosca & Hoppel, 2010).  

Excessive ROS production in cardiac mitochondria can damage mitochondrial membranes 

and proteins, leading to reduced ATP synthesis and impaired cardiac function. 

 

6.3 Metabolic Disorders 

 

Mitochondrial dysfunction also plays a critical role in metabolic diseases such as obesity and 

type 2 diabetes. Reduced mitochondrial oxidative capacity in skeletal muscle and adipose 

tissue can impair glucose metabolism and promote insulin resistance (Lowell & Shulman, 

2005). 

In addition, altered mitochondrial fatty acid oxidation may lead to lipid accumulation in 

tissues, which further contributes to metabolic dysfunction. 

 

6.4 Cancer 

 

Cancer cells exhibit significant alterations in mitochondrial metabolism. Although many 

cancer cells rely heavily on glycolysis for energy production, mitochondria remain essential 

for biosynthetic processes and metabolic signaling (Vyas et al., 2016). Mutations in 

mitochondrial DNA and alterations in mitochondrial metabolic pathways can promote tumor 

growth and survival. 

 

7. Therapeutic Strategies Targeting Mitochondrial Function 

 

Recent advances in biomedical research have led to the development of therapeutic strategies 

aimed at improving mitochondrial health and preventing age-related diseases. Several 

mitochondria-targeted antioxidants, such as MitoQ and SkQ1, have been developed to reduce 

oxidative stress within mitochondria (Smith & Murphy, 2010). These compounds selectively 

accumulate within mitochondria and neutralize reactive oxygen species. Another promising 

approach involves stimulating mitochondrial biogenesis through activation of PGC-1α 

signaling pathways. Lifestyle interventions such as regular physical exercise and caloric 

restriction have also been shown to enhance mitochondrial function and improve metabolic 

health (Hood et al., 2019).  
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Furthermore, pharmacological agents that stimulate mitophagy may help remove 

dysfunctional mitochondria and restore cellular homeostasis. 

 

8. Future Perspectives 

 

Although significant progress has been made in understanding mitochondrial biology, many 

aspects of mitochondrial involvement in aging remain unclear. Future research should focus 

on identifying molecular pathways that regulate mitochondrial quality control and 

determining how these pathways change during aging. Advances in genomic and proteomic 

technologies are expected to provide new insights into mitochondrial signaling networks and 

their role in disease development. Additionally, the development of mitochondria-targeted 

therapies may open new avenues for treating age-related disorders and promoting healthy 

aging. 

Table 1. Major Age-Associated Diseases Linked to Mitochondrial Dysfunction 

Disease Mitochondrial Mechanism Key Effects References 

Alzheimer’s 

disease 

mtDNA mutations, impaired 

OXPHOS 

neuronal 

degeneration 

Swerdlow, 2018; 

López-Otín et al., 

2013  

 

Parkinson’s 

disease 

defective mitophagy 

(PINK1/Parkin) 

dopaminergic neuron 

loss 

Pickrell & Youle, 

2015 

Cardiovascular 

diseases 

ROS production endothelial 

dysfunction 

Wallace, 2005; 

Rosca & Hoppel, 

2010  

 

Diabetes mellitus impaired mitochondrial 

metabolism 

insulin resistance Lowell & Shulman, 

2005; Bratic & 

Larsson, 2013 

Cancer metabolic reprogramming uncontrolled 

proliferation 

Vyas et al., 2016; 

Wallace, 2005 

 

Table 2. Key Mitochondrial Quality Control Mechanisms 
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Mechanism Key Proteins Function 

 

References 

Mitochondrial 

fusion  

Mfn1, Mfn2, OPA1 maintain mitochondrial 

integrity 

Youle & van der 

Bliek, 2012; Sun et 

al., 2016  

 

Mitochondrial 

fission  

Drp1 remove damaged 

mitochondria 

Youle & van der 

Bliek, 2012; Sun et 

al., 2016 

Mitophagy PINK1, Parkin degradation of 

dysfunctional 

mitochondria 

Pickrell & Youle, 

2015 

Biogenesis PGC-1α, NRF1, TFAM formation of new 

mitochondria 

Scarpulla, 2011; 

López-Otín et al., 

2013 

  

 

Table 3. Potential Therapeutic Strategies Targeting Mitochondria 

  

Strategy Example Mechanism Reference 

Antioxidants CoQ10, MitoQ reduce oxidative stress Smith & Murphy, 2010 

Caloric 

restriction 

dietary intervention enhances mitochondrial function Hood et al., 2019 

Exercise endurance training stimulates mitochondrial 

biogenesis 

Hood et al.,2019 

NAD+ 

boosters 

NMN, NR improve cellular metabolism Balaban et al., 2005; 

Sun et al., 2016 

   

9. Conclusion 

Mitochondria are central regulators of cellular metabolism, energy production, and signaling 

pathways. During aging, mitochondrial function gradually declines due to oxidative stress, 

mitochondrial DNA mutations, impaired mitochondrial dynamics, and reduced mitophagy. 

These alterations contribute to the development of numerous age-related diseases including 



INTERNATIONAL JOURNAL OF ECONOMIC SOCIAL SCIENCE AND MANAGEMENT LAW 

Peer Reviewed, Referred & Indexed Journal 

E-ISSN: 3070-0558 

VOL.7, NO.1(1) (2026) 

174 Received: 05-02-2026 | Accepted: 12-03-2026 | Published: 19-03-2026 | www.ijeml.com 

 

 

 

neurodegenerative disorders, cardiovascular diseases, metabolic syndromes, and cancer. 

Understanding the molecular mechanisms underlying mitochondrial dysfunction may provide 

valuable insights into the aging process and facilitate the development of therapeutic 

strategies aimed at preserving mitochondrial health and improving human longevity. 
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