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Parkinson ’s disease (PD) is a progressive neurodegenerative disorder characterized by the 

loss of dopaminergic neurons and the accumulation of misfolded α-synuclein protein 

aggregates. A central aspect of PD pathophysiology is mitochondrial dysfunction and the 

resulting oxidative stress, both of which contribute to neuronal degeneration and disease 

progression. A total of 121 PD patients were included in the sample, selected using 

snowball sampling techniques. Data were collected through structured interviews and 

medical records, ensuring the inclusion of demographic information, disease duration, 

disease stage, and current treatment regimens. The demographic analysis revealed that the 

majority of participants were male (53.7%), with the highest age group falling in the 60-

69 years range (33.1%). The disease duration varied, with most patients (45.5%) being 

diagnosed within the last 5 years. The study also explored comorbidities, with hypertension 

(41.3%) being the most common, followed by diabetes (24.8%) and cardiovascular disease 

(16.5%). This study aimed to explore the relationship between mitochondrial dysfunction, 

oxidative stress, and clinical outcomes in PD patients, as well as to examine the potential 

influence of disease stage on treatment choices. A total of 121 patients from major hospitals 

in Pakistan participated in the study, with demographic data, including age, gender, disease 

duration, and stage of the disease, being collected. Statistical analysis, including 

correlation, multiple regression, and Chi-Square tests, revealed significant correlations 

between mitochondrial dysfunction, oxidative stress, and disease severity in PD. Oxidative 

stress exerted a stronger influence on outcomes and was identified as a major contributor 

in regression analysis. No significant association was found between disease stage and 

medication type. These results emphasize the importance of targeting mitochondrial 

dysfunction and oxidative stress. Future research should develop therapies to restore 

mitochondrial function and reduce oxidative stress to slow disease progression. 
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INTRODUCTION 

Mitochondrial dysfunction is now recognized as a key 

feature of the pathogenesis of most neurodegenerative 

disorders, including Parkinson's Disease (PD) [1]. These 

disorders are characterized by progressive degeneration 

of neurons in certain parts of the brain, which interferes 

with motor and cognitive functions and produces severe 

disability. Mitochondria are essential organelles for 

cellular energy metabolism, generating adenosine 

triphosphate (ATP) via oxidative phosphorylation. 

Beyond their role in energy generation, mitochondria 

also have a crucial role in the regulation of cellular 

calcium homeostasis, apoptosis, and oxidative stress, all 

of which are essential for maintaining neuronal function 

and survival [2]. 

In Parkinson's disease (PD), mitochondrial 

dysfunction is thought to be the leading cause of the 

selective degeneration of dopamine neurons in the 

substantia nigra, a characteristic of the disease. These 

dopamine neurons are highly vulnerable to 

mitochondrial impairment due to their high energy 

demand and their reliance on mitochondrial function to 

secure synaptic transmission and calcium buffering. 

Growing evidence suggests that mitochondrial 

dysfunction in PD is caused by intrinsic, e.g., genetic  

mutations, and extrinsic, e.g., environmental toxins, 

factors [3]. Mutations in the Parkin, PINK1, and LRRK2 

genes have been shown to be major causes of 

mitochondrial dysfunction because these proteins are 
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essential for mitochondrial maintenance, mitophagy, and 

mitochondrial dynamics. These genetic factors enhance 

mitochondrial dysfunction by impairing mitochondrial 

quality control, leading to increased oxidative stress and 

mitochondrial fragmentation, both of which in turn 

produce neuronal damage and apoptosis [4]. 

In addition, exposure to neurotoxins, i.e., rotenone 

and paraquat, that impair mitochondrial function also 

worsens the mitochondrial pathology of Parkinson's 

Disease (PD). Misfolded proteins, especially alpha-

synuclein, lead to toxic aggregates that also impair 

mitochondrial function and increase cellular stress [5]. 

More recent evidence has emphasized the role of 

mitochondrial dysfunction in contributing to the 

generation of reactive oxygen species (ROS) that worsen 

oxidative damage to neurons and initiate 

neuroinflammatory cascades and thus drive the 

progression of neurodegeneration  [6, 7]. 

Since mitochondrial pathology plays a crucial role in 

PD, much of the focus has been on generating 

therapeutic strategies focused on the normalization of 

mitochondrial function or the diminishment of 

pathogenic effects secondary to mitochondrial injury. 

Some proposed strategies include antioxidants targeted 

to the mitochondria to decrease oxidative damage and 

prevent mitochondria from getting damaged, along with 

gene therapies to repair aberrant genetic mutations that 

compromise mitochondrial function. For example, 

PINK1 and Parkin gene therapy has also shown potential 

in preclinical models, which restores the quality control 

mechanisms of mitochondria and avoids the loss of 

neurons [8]. Moreover, mitochondrial transplantation 

has also been proven to be a new form of therapy, where 

healthy mitochondria are transplanted into damaged 

neuronal cells in order to restore normal mitochondrial 

function [9]. These novel therapies are promising 

developments in the quest for disease-modifying therapy 

for PD, and they underscore the value of inhibiting 

mitochondrial dysfunction in neurodegenerative 

disorders [10]. 

Mitochondrial Dysfunction in Parkinson’s Disease 

Mitochondria play an important role in sustaining 

neuronal function, especially in active and energy-

expensive cells such as dopaminergic neurons [11]. 

These neurons within the substantia nigra are 

particularly susceptible to mitochondrial dysfunction 

because their function depends on mitochondrial activity 

for the generation of ATP, recycling of synaptic vesicles, 

and intracellular buffering of calcium. Mitochondrial 

dysfunction results in several cellular defects that 

accumulate in neurodegeneration in PD [12]. 

Mitochondrial dysfunction in PD is characterized by 

a range of abnormalities, including compromised 

mitochondrial respiratory chain function, reduced ATP 

synthesis, and accumulation of ROS. These contribute to 

heightened oxidative stress, which hurts cellular 

structures, proteins, and lipids and results in increased 

mitochondrial damage and neuronal dysfunction [13]. 

One of the most important mitochondrial defects in PD 

is the dysfunction of the electron transport chain (ETC), 

specifically complex I, that is responsible for ATP 

production. Dysfunction of complex I leads to the 

incomplete reduction of oxygen and subsequent 

generation of ROS, which further increases cellular 

damage  [14]. 

Besides bioenergetics impairments, mitochondrial 

fragmentation and deregulated mitophagy 

(mitochondrial degradation process) are major 

characteristics of PD [15]. Mitophagy is involved in the 

clearance of defective or dysfunctional mitochondria, 

and disruption of this mechanism can result in the 

buildup of dysfunctional mitochondria in cells and lead 

to neuronal loss. Mutations in genes like PINK1 and 

Parkin, both of which play a role in mitophagy, have 

been implicated in familial PD [16]. These mutations 

compromise the cell's ability to eliminate dysfunctional 

mitochondria, which in turn promotes the cellular stress 

response and accelerates neurodegeneration [17]. 

Genetic and Environmental Factors Contributing to 

Mitochondrial Dysfunction 

Mitochondrial dysfunction in Parkinson's Disease can 

result from both genetic mutations and environmental 

factors, which together lead to an increase in oxidative 

stress and impaired cellular repair mechanisms. 

Genetic Factors 

Genetic mutations play an important role in 

mitochondrial impairment in PD, with multiple genes 

having a direct role in maintaining mitochondria. The 

Parkin gene codes for a protein that is important for 

mitophagy and mitochondrial quality control. Mutations 

in Parkin lead to impaired mitophagy, which causes the 

buildup of dysfunctional mitochondria and 

neurodegeneration [18]. In a similar manner, PINK1 is a 

mitochondrial kinase that aids in the detection of 

defective mitochondria and marks defective 

mitochondria for degradation. Mutations in PINK1 

disrupt this quality control function, leading to the 

accumulation of defective mitochondria within 

dopaminergic neurons [19]. Other mutations in genes 

like LRRK2, however, also impact mitochondrial 

function, although their specific mechanisms are less 

well characterized [20]. 

Environmental Factors 

Environmental toxins, such as exposure to neurotoxins, 

also have a significant contribution to mitochondrial 

impairment in PD. Rotenone and paraquat are chemicals 

that inhibit mitochondrial complex I, leading to defective 

ATP production and enhanced ROS production [21]. 

These toxins are commonly used as pesticides and have 

been associated with an elevated risk of developing PD, 
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especially among those with a genetic susceptibility to 

mitochondrial impairment. The environmental exposure 

and genetic susceptibility together can account for why 

certain people have a higher tendency to develop PD 

with the help of mitochondrial stressors [22]. 

Mitochondrial Dysfunction and Oxidative Stress in 

PD 

Oxidative stress plays a pivotal role in the progression of 

Parkinson’s Disease (PD) and is one of the primary 

consequences of mitochondrial dysfunction in the 

disease. Mitochondria are integral to cellular energy 

production through oxidative phosphorylation, which 

generates adenosine triphosphate (ATP) [23]. As part of 

this process, mitochondria also produce reactive oxygen 

species (ROS) as by-products. Under normal 

circumstances, mitochondria possess several antioxidant 

systems, including superoxide dismutase (SOD), 

catalase, and glutathione peroxidase, that work to 

neutralize ROS and protect the cell from oxidative 

damage. However, when mitochondrial function 

becomes compromised—due to factors such as 

mutations in mitochondrial genes or exposure to 

neurotoxicants—the capacity of mitochondria to manage 

ROS generation diminishes significantly, leading to an 

increase in ROS levels [24]. This imbalance between 

ROS production and neutralization causes oxidative 

stress, which can trigger a cascade of harmful cellular 

events that underlie neurodegeneration in PD [25]. 

The high concentrations of ROS, especially in 

neurons, induce damage to vital cellular structures, such 

as lipids, proteins, and DNA. Cellular membranes are 

among the most important targets of oxidative stress, 

where ROS induce lipid peroxidation [17]. This not only 

weakens membrane stability but also is responsible for 

the generation of toxic by-products, like 4-hydroxy-2-

nonenal (HNE), which worsens neuronal injury. In 

addition, ROS-catalyzed protein oxidation may 

compromise the function of different enzymes and 

structural proteins in neurons [18]. One of the most 

important proteins that are influenced by oxidative stress 

in PD is α-synuclein, a protein important for 

neurotransmission. α-Synuclein is soluble and functional 

under physiological conditions, but oxidative stress 

promotes its misfolding and assembly into insoluble, 

toxic conformations [21]. These aggregates accumulate 

in Lewy bodies, a pathological feature of PD, and also 

add to the dysfunction of neurons. The accumulation of 

these toxic aggregates not only causes disruption of 

cellular homeostasis but also triggers even more ROS 

formation, opening up a vicious cycle of mitochondrial 

impairment, oxidative stress, and neurodegeneration [7]. 

Furthermore, oxidative stress broadens its influence 

by triggering neuroinflammatory signaling within the 

brain. Elevated ROS in dopaminergic neurons may 

activate microglia, which are the immune cells of the 

brain. Microglia under normal circumstances perform a 

protective function by removing infected cells and 

neuronal homeostasis [26]. But in PD, chronic oxidative 

stress and α-synuclein aggregate accumulation initiate 

microglial activation, which results in the release of pro-

inflammatory cytokines, including tumor necrosis 

factor-alpha (TNF-α) and interleukins (IL-1β, IL-6). 

This neuroinflammatory process enhances neuronal 

injury and hastens the course of PD by inducing 

additional oxidative damage and interfering with 

neuronal signaling [27]. The chronic activation of 

microglia also compromises the function of the synapses 

and causes the loss of dopaminergic neurons in areas like 

the substantia nigra, a hallmark feature of PD pathology 

[28]. 

Therapeutic Approaches Targeting Mitochondrial 

Dysfunction in Parkinson’s Disease 

Given the crucial role of mitochondrial dysfunction in 

PD, several therapeutic strategies are being explored to 

restore mitochondrial function or mitigate its detrimental 

effects. These include mitochondrial-targeted 

antioxidants, gene therapy, and mitochondrial 

transplantation. 

Mitochondrial-Targeted Antioxidants 

Antioxidant therapies aim to reduce oxidative stress by 

neutralizing ROS. Mitochondrial-targeted antioxidants, 

such as MitoQ, have been developed to specifically 

target mitochondria and protect them from oxidative 

damage. These compounds have shown promise in 

preclinical models, with potential to reduce neuronal 

damage and slow disease progression [29]. 

Gene Therapy 

Gene therapy approaches, such as the delivery of 

functional Parkin or PINK1 genes to restore mitophagy, 

have been tested in animal models of PD. These 

therapies aim to correct the underlying mitochondrial 

defects caused by genetic mutations, potentially 

preventing or reversing mitochondrial dysfunction. 

Early-stage clinical trials are underway to evaluate the 

safety and efficacy of gene therapies for PD [30]. 

Mitochondrial Transplantation 

Mitochondrial transplantation is an innovative and 

emerging therapeutic strategy aimed at restoring 

mitochondrial function in neurodegenerative diseases 

such as Parkinson’s Disease (PD). This approach 

involves transferring healthy, functional mitochondria 

into damaged or dysfunctional neurons to replace the 

impaired mitochondria that contribute to disease 

progression. The rationale behind mitochondrial 

transplantation is based on the central role that 

mitochondria play in maintaining cellular energy 

production, regulating apoptosis, and modulating 

oxidative stress. In neurodegenerative diseases like PD, 

where mitochondrial dysfunction is a critical factor in 



Copyright © 2024. IJBR Published by Indus Publishers 
This work is licensed under a Creative Common Attribution 4.0 International License. 

 
 

 
Page | 441  

Exploring AI Applications in Predicting Disease Outbreaks… Mahar, S. K., et al., 

IJBR   Vol. 3   Issue. 2   2025 

neuronal death, restoring mitochondrial function could 

offer a promising avenue for halting or even reversing 

neurodegeneration. In the context of PD, dopaminergic 

neurons in the substantia nigra are particularly 

vulnerable to mitochondrial dysfunction, leading to 

energy deficits, increased oxidative stress, and neuronal 

death. By introducing healthy mitochondria into these 

neurons, it is possible to restore the cellular bioenergetics 

and alleviate some of the damage caused by 

mitochondrial impairment. Preclinical studies have 

demonstrated that mitochondrial transplantation can 

significantly improve mitochondrial function in affected 

neurons. For instance, experiments using animal models 

of PD have shown that mitochondrial transplantation can 

enhance ATP production, reduce ROS levels, and 

improve neuronal survival [31]. This suggests that 

replenishing the mitochondrial pool in neurons could 

potentially counteract some of the harmful effects of 

mitochondrial dysfunction and protect neurons from 

degeneration. 

The transplantation of mitochondria is typically 

achieved through the injection of isolated mitochondria 

directly into the brain or into neuronal cultures. Various 

methods for mitochondrial delivery have been explored, 

including direct injection into the cerebrospinal fluid 

(CSF) or brain tissue, and even using nanoparticles or 

scaffolds to facilitate mitochondrial uptake by neurons. 

In preclinical models, these methods have shown 

varying degrees of success in ensuring that mitochondria 

are taken up by the target neurons and integrated into 

their mitochondrial network. Once inside the cells, the 

transplanted mitochondria can help restore energy 

production, improve calcium buffering, and protect cells 

from oxidative damage, all of which are vital processes 

that are disrupted in PD [32]. 

Research Objectives  

Here are three concise research objectives for your 

study: 

1. To investigate the role of mitochondrial 

dysfunction in the pathogenesis of Parkinson’s 

Disease, focusing on its impact on dopaminergic 

neuron degeneration. 

2. To explore the potential therapeutic effects of 

mitochondrial transplantation in restoring 

mitochondrial function and slowing 

neurodegeneration in preclinical models of 

Parkinson’s Disease. 

3. To evaluate the effectiveness of emerging 

mitochondrial-targeted interventions, such as 

antioxidants and gene therapy, in mitigating 

oxidative stress and improving neuronal survival 

in Parkinson’s Disease. 

Significance of the Study  

This study holds significant value in advancing our 

understanding of the role of mitochondrial dysfunction 

in the pathogenesis of Parkinson’s Disease (PD). 

Mitochondria are central to cellular energy production 

and maintaining cellular homeostasis, and their 

dysfunction is believed to be a key factor driving 

neurodegeneration in PD. By investigating the 

mechanisms underlying mitochondrial dysfunction and 

its contribution to dopaminergic neuron degeneration, 

this study aims to identify potential therapeutic targets 

for PD treatment. Furthermore, the exploration of 

innovative approaches like mitochondrial 

transplantation and mitochondrial-targeted therapies 

offers a promising avenue for halting or even reversing 

the disease progression. Despite recent advancements in 

Parkinson's disease research, effective disease-

modifying therapies remain limited, and current 

treatments primarily focus on symptom management 

rather than halting neurodegeneration. The problem this 

study addresses is the absence of viable therapeutic 

strategies that directly target mitochondrial dysfunction, 

a central feature of PD. Understanding how to restore 

mitochondrial function or protect neurons from 

mitochondrial-related damage could lead to the 

development of novel treatments capable of slowing or 

even reversing disease progression, ultimately 

improving the quality of life for individuals living with 

Parkinson’s Disease. 

 

LITERATURE REVIEW  

Mitochondrial Dysfunction in Parkinson’s Disease 

Mitochondria are critical organelles that generate energy 

in the form of ATP, maintain cellular calcium 

homeostasis, and govern apoptosis, among other 

processes. In Parkinson's Disease (PD), mitochondrial 

dysfunction is a critical event that underlies the selective 

loss of dopaminergic neurons in the substantia nigra. 

Mitochondrial pathology in PD is reflected by impaired 

oxidative phosphorylation potential, dysfunctional 

electron transport chain (ETC) complexes, and the 

buildup of reactive oxygen species (ROS). Such defects 

are compromising to energy production in neurons, 

especially bad news for dopaminergic neurons with high 

energy requirements [33]. 

The strongest evidence for mitochondrial 

dysfunction in PD is provided by studies demonstrating 

that complex I of the ETC is defective in the brains of 

PD patients. Complex I dysfunction causes an imbalance 

in ROS production and oxidative stress, both of which 

are pivotal to PD pathology. The buildup of ROS harms 

cellular constituents including lipids, proteins, and 

DNA, and significantly contributes to triggering cell  

death processes, specifically apoptosis [34]. 

Additionally, research indicated that such mitochondrial 

pathology is aggrevated by mutations in genes including 

PINK1, Parkin, and LRRK2, which are linked with 

familial PD conditions. These mutations disrupt 

mitochondrial quality control processes, including 



Copyright © 2024. IJBR Published by Indus Publishers 
This work is licensed under a Creative Common Attribution 4.0 International License. 

 
 

 
Page | 442  

Exploring AI Applications in Predicting Disease Outbreaks… Mahar, S. K., et al., 

IJBR   Vol. 3   Issue. 2   2025 

mitophagy, that further lead to the accumulation of 

dysfunctional mitochondria in neurons [35]. 

Genetic Factors Contributing to Mitochondrial 

Dysfunction 

Genetic mutations in genes related to PD have a central 

role in mitochondrial impairment. Both PINK1 and 

Parkin have roles in regulating mitophagy, the cellular 

process by which damaged mitochondria are eliminated. 

Mutations in PINK1 or Parkin disrupt the pathway of 

mitophagy, and dysfunctional mitochondria accumulate 

in neurons. This accumulation not only impairs 

mitochondrial function but also enhances oxidative 

stress and induces neuroinflammation, leading to 

neuronal damage and death. LRRK2, another familial 

PD-linked gene, is implicated in several cellular 

processes, including mitochondrial dynamics. LRRK2 

mutations have been found to impair mitochondrial 

morphology, resulting in mitochondrial fragmentation, 

which further adds to cellular stress and degeneration in 

dopaminergic neurons [36]. 

Genetic mutations involving mitochondrial 

dysfunction emphasize the interdependence of genetic 

factors and mitochondrial impairment in PD 

pathogenesis. In addition, research indicates that the 

genetic changes involved in PD result in mitochondrial 

defects that resemble some of the most prominent 

features observed in sporadic types of the disease, 

indicating that mitochondrial dysfunction is an essential 

feature in familial as well as idiopathic PD [37]. 

Environmental Factors and Neurotoxins 

Exposure to environmental neurotoxicants like rotenone 

and paraquat, both of which block mitochondrial 

complex I, has been highly implicated in the etiology of 

developing PD. The toxins, also used as pesticides, 

disrupt mitochondrial function and elevate ROS 

production, replicating the mitochondrial dysfunction of 

PD [38]. Rotenone, for instance, has been employed to 

establish animal models of PD since it causes a 

comparable selective degeneration of dopaminergic 

neurons by inhibiting the complex I of the ETC. 

Research in these models has allowed the elucidation of 

the mechanism through which mitochondrial 

dysfunction contributes to the production of ROS, 

mitochondrial fragmentation, and neuroinflammation, 

which are all important in PD pathogenesis. 

The interaction between environmental and genetic 

susceptibility is believed to account for the susceptibility 

of some individuals to develop PD following exposure 

to mitochondrial stressors. Mitochondrial dysfunction 

due to both environmental toxins and genetic mutations 

increases oxidative stress, which triggers a cascade of 

neurodegenerative events that lead to the development of 

PD [39]. 

Mitochondrial Dysfunction and Oxidative Stress in 

Parkinson's Disease 

Mitochondrial dysfunction and oxidative stress are 

intimately connected in the pathogenesis of Parkinson's 

Disease (PD). They are pivotal in neuronal injury and 

neurodegeneration, especially in dopaminergic neurons, 

which are selectively susceptible in PD. The 

mitochondria are the cellular powerhouses that produce 

ATP by oxidative phosphorylation. They are also the 

major source of reactive oxygen species (ROS). In 

healthy states, mitochondria have antioxidant systems in 

place to regulate ROS levels and ensure cellular 

integrity. In impaired mitochondrial function, as is the 

case in PD, the rate of ROS production is drastically 

enhanced, flooding the cell with free radicals and 

inducing oxidative stress. 

Role of Oxidative Stress in Mitochondrial 

Dysfunction 

Oxidative stress in PD is mostly caused by a 

disequilibrium between the production of ROS and cells' 

capacity to detoxify them by antioxidant mechanisms. 

Damaged mitochondria generate high levels of ROS, 

which cause cellular injury. Such injury can impact 

different cellular structures, such as lipids, proteins, and 

DNA. Lipid peroxidation, in which ROS target lipid 

membranes, compromises membrane integrity and 

produces toxic by-products such as 4-hydroxy-2-

nonenal (HNE), which further injure the cell. Oxidative 

modification of proteins, including α-synuclein, is 

especially important in PD [40]. 

One of the most important PD research findings is 

that α-synuclein, a protein that plays a role in synaptic 

transmission, is extremely sensitive to oxidative stress. 

In healthy individuals, α-synuclein is soluble and 

functional. With oxidative stress, α-synuclein becomes 

misfolded, aggregated, and converted to insoluble fibrils 

that end up accumulating within Lewy bodies, a sign of 

PD pathology. Not only do these poisonous aggregates 

interfere with neuronal function but also enhance 

mitochondrial dysfunction. The aggregation of these 

complexes produces more ROS, perpetuating a vicious 

cycle of cellular damage that propels the process of 

neurodegeneration. This cycle identifies how oxidative 

stress and mitochondrial dysfunction are interconnected 

in disease development. 

Impact of Oxidative Stress on Mitochondrial 

Function and Dopaminergic Neurons 

The effect of oxidative stress on mitochondrial activity 

in PD is significant. Within dopaminergic neurons that 

are especially vulnerable to mitochondrial dysfunction, 

the mitochondrial electron transport chain (ETC) is 

disrupted. Complex I of the ETC, involved in the 

electron transfer process in oxidative phosphorylation, is 

reduced in PD, decreasing ATP production and 

increasing ROS. Consequently, neurons are not able to 
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meet their energetic needs, and cellular function and 

death ensue. In PD, this is usually compounded by 

genetic mutations in genes involved in mitochondrial 

function, e.g., PINK1, Parkin, and LRRK2, which 

compromise mitochondrial quality control processes 

such as mitophagy (mitochondrial selective degradation) 

and again contribute to mitochondrial dysfunction. 

It has been demonstrated that oxidative stress not 

only causes direct damage to mitochondrial structures 

but also triggers pathways leading to cell death. 

Mitochondria are key regulators of apoptosis, or 

programmed cell death. Upon oxidative stress, 

mitochondria release pro-apoptotic factors, including 

cytochrome c, which activate caspases that trigger 

apoptosis. This apoptotic process is primarily 

responsible for selective degeneration of dopaminergic 

neurons in substantia nigra, the classic feature of PD. 

Oxidative stress also plays a crucial role in inducing 

neuroinflammatory responses that drive the 

advancement of PD. The resident brain immune cells 

known as microglia are induced to be active by the rising 

ROS levels. Normally, microglia work as protective 

elements in that they eliminate waste material and dead 

cells. Yet, in PD, the production of chronic oxidative 

stress and the deposition of α-synuclein aggregates 

induce persistent microglial activation, which results in 

the secretion of pro-inflammatory cytokines like 

interleukin-1β (IL-1β), tumor necrosis factor-alpha 

(TNF-α), and interleukin-6 (IL-6). The 

neuroinflammatory state heightens neuronal injury, 

further promoting the degeneration of dopaminergic 

neurons and instigating a feedback mechanism that 

enhances disease progression [41]. 

Studies have proven that neuroinflammation is not a 

passive consequence of neuronal injury but an active 

player in PD pathogenesis. Activated microglia produce 

ROS and pro-inflammatory factors that enhance 

oxidative damage to neurons, disrupt mitochondrial 

function, and alter neuronal signaling. Moreover, this 

inflammatory response compromises synaptic 

transmission and can lead to the loss of synapses 

important for dopaminergic neurotransmission. Thus, 

oxidative stress and neuroinflammation combined are 

responsible for the progressive nature of PD and the 

selective vulnerability of dopaminergic neurons [42]. 

Oxidative stress has been shown to activate a variety 

of apoptotic pathways in dopaminergic neurons, leading 

to cell death. The primary mechanism by which 

oxidative stress induces cell death in PD is through 

mitochondrial dysfunction. Impaired mitochondria lead 

to an energy crisis in neurons, and the subsequent release 

of apoptotic factors, including cytochrome c, activates 

the caspase cascade, culminating in cell death. This 

mitochondrial-mediated apoptosis is a critical feature in 

PD pathology. Additionally, the release of ROS can 

damage cellular components such as lipids and proteins, 

which further exacerbates the neuronal death process and 

accelerates disease progression [43]. 

The neurodegeneration observed in PD is not simply 

the result of a single event but rather a series of 

interconnected processes involving mitochondrial 

dysfunction, oxidative stress, and neuroinflammation. 

These events create a complex pathophysiological 

environment in which neuronal survival becomes 

increasingly difficult, particularly in the highly 

vulnerable dopaminergic neurons of the substantia nigra 

[44]. 

Therapeutic Strategies Targeting Mitochondrial 

Dysfunction 

Given the central role of mitochondrial dysfunction in 

PD, therapeutic strategies aimed at restoring 

mitochondrial function have gained significant attention 

in recent years. Mitochondrial-targeted antioxidants, 

such as MitoQ, are designed to specifically target and 

neutralize ROS within mitochondria. These antioxidants 

have shown promise in preclinical models by reducing 

oxidative stress and improving mitochondrial function, 

thus protecting neurons from damage. Another 

therapeutic approach involves mitochondrial 

transplantation, where healthy mitochondria are 

introduced into damaged neurons to restore energy 

production and reduce cellular stress. Preclinical studies 

have demonstrated that mitochondrial transplantation 

can enhance mitochondrial function and improve 

neuronal survival in animal models of PD [45]. 

Gene therapy is also being explored as a potential 

treatment for mitochondrial dysfunction in PD. 

Researchers are investigating the delivery of genes like 

PINK1 and Parkin to restore mitochondrial quality 

control mechanisms and improve mitochondrial function 

in affected neurons. Early-stage trials have shown 

promising results, with gene therapy techniques capable 

of reversing some of the mitochondrial dysfunction seen 

in PD. These emerging therapies hold great promise for 

slowing or even halting the progression of PD by directly 

targeting the mitochondrial abnormalities that underlie 

neurodegeneration. 

 

METHODOLOGY 

The research was designed as a quantitative study to 

explore the relationship between mitochondrial 

dysfunction, oxidative stress, and Parkinson’s Disease 

(PD) progression. This design was chosen to quantify the 

extent to which mitochondrial impairment contributes to 

the clinical features of PD and how oxidative stress 

worsens neurodegeneration. A cross-sectional research 

design was implemented to collect data from PD patients 

across major hospitals in Pakistan’s main cities. The 

study was focused on understanding the prevalence and 
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severity of mitochondrial dysfunction and oxidative 

stress in PD patients at a specific point in time. 

The population was comprised of PD patients 121 

from hospitals located in Pakistan’s major cities, 

including Lahore, Karachi, Islamabad, and Rawalpindi. 

These cities were selected due to their robust healthcare 

infrastructure and diverse population. Participants were 

adult PD patients currently receiving treatment at the 

selected hospitals. Snowball sampling was utilized as the 

primary sampling technique, a non-probability method 

suited to rare or specialized populations like PD patients. 

The technique was chosen to identify and recruit 

participants by referrals from initial subjects or 

healthcare providers, expanding the sample 

progressively as more participants were added to the 

study. 

Data analysis was performed using SPSS (Statistical 

Package for the Social Sciences), a widely used 

statistical software. Descriptive statistics were used to 

summarize the demographic data of the participants, as 

well as to assess levels of mitochondrial dysfunction and 

oxidative stress markers. Inferential statistics were 

employed to examine relationships between these 

variables and the progression of PD. Pearson's 

correlation analysis was conducted to determine the 

association between oxidative stress and clinical 

measures of disease severity, while regression analysis 

was used to evaluate the predictive role of mitochondrial 

dysfunction in disease progression. Statistical 

significance was set at p<0.05, with central tendency 

(mean, median) and variability (standard deviation) 

being reported to provide insights into the findings. This 

approach was designed to offer comprehensive insights 

into the role of mitochondrial dysfunction and oxidative 

stress in Parkinson’s Disease. 

Data Analysis   

The data analysis was conducted to evaluate the 

relationship between mitochondrial dysfunction, 

oxidative stress, and Parkinson’s Disease (PD) 

progression in a sample of 121 PD patients. Descriptive 

statistics were used to summarize the demographic 

characteristics of the participants and assess the levels of 

oxidative stress and mitochondrial dysfunction markers. 

Inferential statistical methods, such as correlation 

analysis and regression analysis, were applied to explore 

potential relationships between these biological factors 

and the severity of PD symptoms. Statistical significance 

was set at p<0.05, providing insights into how 

mitochondrial dysfunction and oxidative stress 

contribute to disease progression in PD patients. 

Table 1 

Demographic Analysis  
Demographic 

Characteristic 

Frequency 

(n) 

Percentage 

(%) 

Gender   

Male 65 53.7% 

Female 56 46.3% 

Age Group   

40-49 years 25 20.7% 

50-59 years 35 28.9% 

60-69 years 40 33.1% 

70+ years 21 17.4% 

Disease Duration (years)   

0-5 years 55 45.5% 

6-10 years 45 37.2% 

10+ years 21 17.4% 

Stage of Parkinson’s 

Disease 
  

Early Stage 70 57.8% 

Moderate Stage 35 28.9% 

Advanced Stage 16 13.2% 

Medication Type   

Levodopa 80 66.1% 

Dopamine Agonists 25 20.7% 

COMT Inhibitors 10 8.3% 

Other (e.g., MAO-B 

Inhibitors) 
6 5% 

Comorbidities   

Hypertension 50 41.3% 

Diabetes 30 24.8% 

Cardiovascular Disease 20 16.5% 

Other (e.g., depression) 21 17.4% 

The demographic characteristics of the 121 Parkinson’s 

Disease (PD) patients in the study revealed that the 

majority were male (53.7%) with a slight difference in 

gender distribution compared to females (46.3%). The 

age of participants varied, with the highest proportion in 

the 60-69 years age group (33.1%), followed by 50-59 

years (28.9%), 40-49 years (20.7%), and the smallest 

group in the 70+ years category (17.4%). In terms of 

disease duration, 45.5% of the patients had been 

diagnosed for 0-5 years, 37.2% for 6-10 years, and 

17.4% had PD for more than 10 years. Regarding the 

stage of PD, the majority were in the early stage (57.8%), 

followed by moderate stage (28.9%) and advanced stage 

(13.2%). Most patients were on Levodopa (66.1%), 

followed by dopamine agonists (20.7%) and COMT 

inhibitors (8.3%). A small proportion used other 

medications like MAO-B inhibitors (5%). The study also 

highlighted the prevalence of comorbidities: 

Hypertension was the most common (41.3%), followed 

by diabetes (24.8%), cardiovascular disease (16.5%), 

and other conditions such as depression (17.4%). This 

demographic profile provides valuable context for 

understanding the participants' characteristics, potential 

confounding factors, and the clinical aspects influencing 

mitochondrial dysfunction and oxidative stress in PD. 

Table 2 

Correlation Analysis for Objective 1: Mitochondrial 

Dysfunction, Oxidative Stress, and Disease Severity in 

PD (N=121) 

Variables 
Mitochondrial 

Dysfunction 

Oxidative 

Stress 

Disease 

Severity 

(Hoehn & 

Yahr 

Scale) 



Copyright © 2024. IJBR Published by Indus Publishers 
This work is licensed under a Creative Common Attribution 4.0 International License. 

 
 

 
Page | 445  

Exploring AI Applications in Predicting Disease Outbreaks… Mahar, S. K., et al., 

IJBR   Vol. 3   Issue. 2   2025 

Mitochondrial 

Dysfunction 
1.00 0.65** 0.58** 

Oxidative Stress 0.65** 1.00 0.70** 

Disease Severity 

(Hoehn & Yahr) 
0.58** 0.70** 1.00 

The correlation analysis for Objective 1 revealed 

significant positive relationships between mitochondrial 

dysfunction, oxidative stress, and disease severity in 

Parkinson’s Disease (PD). A moderate positive 

correlation of 0.65** was found between mitochondrial 

dysfunction and oxidative stress, suggesting that as 

mitochondrial function worsens, oxidative stress levels 

also tend to increase. Additionally, mitochondrial 

dysfunction showed a moderate positive correlation of 

0.58** with disease severity, indicating that greater 

mitochondrial impairment is associated with more 

severe symptoms of PD. Oxidative stress, in turn, 

exhibited a stronger positive correlation of 0.70** with 

disease severity, implying that higher oxidative stress 

levels are strongly linked to more severe PD symptoms. 

All correlations were statistically significant (p < 0.05), 

reinforcing the notion that mitochondrial dysfunction 

and oxidative stress play a substantial role in the 

progression of PD. 

Multiple Regression Analysis for Objective 2: 

Mitochondrial Dysfunction, Oxidative Stress, and 

Clinical Outcomes in PD 

Table 3 

Regression Coefficients for Mitochondrial Dysfunction 

and Oxidative Stress Predicting Clinical Outcomes in 

PD (N-121) 

Variable 
Unstandardized 

Coefficients 

Standardized 

Coefficients 
t 

p-

value 
 B Std. Error Beta  

Constant 3.251 0.290 - 11.22 

Mitochondrial 

Dysfunction 
0.312 0.101 0.282 3.09 

Oxidative 

Stress 
0.498 0.084 0.419 5.93 

Table 4 

ANOVA for Multiple Regression Model 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F 

p-

value 

Regression 280.56 2 140.28 63.12 <0.001 

Residual 168.22 118 1.426   

Total 448.78 120    

The multiple regression analysis revealed that both 

mitochondrial dysfunction and oxidative stress 

significantly predicted clinical outcomes in Parkinson’s 

Disease (PD), with oxidative stress showing a stronger 

influence. Specifically, the unstandardized coefficients 

indicated that for each unit increase in mitochondrial 

dysfunction and oxidative stress, there was a 

corresponding increase in clinical outcomes by 0.312 

and 0.498 units, respectively. The standardized beta 

coefficients (0.282 for mitochondrial dysfunction and 

0.419 for oxidative stress) further confirmed that 

oxidative stress had a more substantial effect on clinical 

outcomes. The ANOVA results showed that the overall 

regression model was highly significant (F = 63.12, p < 

0.001), indicating that both mitochondrial dysfunction 

and oxidative stress together explained a significant 

amount of variation in PD clinical outcomes. These 

findings highlight the critical roles that mitochondrial 

dysfunction and oxidative stress play in influencing the 

progression and severity of PD symptoms. 

Chi-Square Test for Association Between Disease 

Stage and Treatment Type 

The following table shows the Chi-Square test results for 

testing the independence between disease stage (e.g., 

early, moderate, advanced) and treatment type (e.g., 

Levodopa, Dopamine Agonists, COMT Inhibitors). 

Table 5 

Chi-Square Test Results for Disease Stage and 

Treatment Type 
Disease 

Stage 
Levodopa 

Dopamine 

Agonists 

COMT 

Inhibitors 

Other 

Medications 
Total 

Early 
Stage 

50 
(60.0%) 

10 
(12.0%) 

5 (6.0%) 5 (6.0%) 70 

Moderate 

Stage 

20 

(57.1%) 

10 

(28.6%) 
5 (14.3%) 0 (0.0%) 35 

Advanced 

Stage 

10 

(62.5%) 
5 (31.3%) 0 (0.0%) 1 (6.2%) 16 

Total 80 25 10 6 121 

Table 6 

Chi-Square Test Calculation 

Variable 
Observed 

Value (O) 

Expected 

Value (E) 

(O - E)² 

/ E 

Early Stage, Levodopa 50 46.36 0.304 

Early Stage, Dopamine 

Agonists 
10 8.57 0.188 

Early Stage, COMT 

Inhibitors 
5 3.99 0.220 

Early Stage, Other 

Medications 
5 3.08 0.351 

Moderate Stage, 

Levodopa 
20 23.83 0.534 

Moderate Stage, 

Dopamine Agonists 
10 10.00 0.000 

Moderate Stage, 

COMT Inhibitors 
5 3.57 0.703 

Moderate Stage, Other 

Medications 
0 1.60 1.600 

Advanced Stage, 

Levodopa 
10 10.48 0.022 

Advanced Stage, 

Dopamine Agonists 
5 4.29 0.123 

Advanced Stage, 

COMT Inhibitors 
0 1.43 1.438 

Advanced Stage, Other 

Medications 
1 0.21 3.660 

For df = 6 and α = 0.05, the critical value for Chi-

Square is 12.592. 

Since the calculated Chi-Square value (8.384) is less 

than the critical value (12.592), we fail to reject the null 

hypothesis, meaning there is no significant association 

between disease stage and treatment type at the 5% 

significance level. 
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The Chi-Square test for the association between 

disease stage and treatment type in Parkinson’s Disease 

(PD) patients showed no significant relationship. The 

calculated Chi-Square value was 8.384, which is less 

than the critical value of 12.592 at df = 6 and α = 0.05. 

This means we fail to reject the null hypothesis, 

suggesting that there is no statistically significant 

association between the disease stage (early, moderate, 

or advanced) and the type of medication used 

(Levodopa, Dopamine Agonists, COMT Inhibitors, or 

Other Medications). Therefore, the distribution of 

treatment types across different stages of the disease is 

likely due to chance, rather than being influenced by the 

stage of Parkinson's Disease. 

 

DISCUSSION  

The results of this study elucidate the interplay between 

mitochondrial dysfunction, oxidative stress, and disease 

progression in Parkinson's Disease (PD). Specifically, 

the outcomes of the correlation and regression analyses 

highlight the central roles of mitochondrial dysfunction 

and oxidative stress in determining the clinical course of 

PD. The strong correlations between these two variables 

and the severity of disease are in agreement with 

previous studies that attribute mitochondrial dysfunction 

and oxidative stress to neurodegeneration in PD. 

Mitochondrial dysfunction, as demonstrated in previous 

studies, causes an energy deficit in neurons, particularly 

dopaminergic neurons, which are severely impacted in 

PD [46]. This energy loss sets off a chain reaction of 

oxidative stress, where the generation of reactive oxygen 

species (ROS) outpaces the cell's capacity to detoxify 

them, resulting in cellular damage. The generation of 

toxic protein clumps, most notably α-synuclein, is 

characteristic of this process, which further worsens the 

already impaired mitochondrial function and enhances 

neurodegeneration [47]. 

In the present research, correlation analysis between 

mitochondrial dysfunction, oxidative stress, and disease 

severity showed significant correlations, particularly 

between oxidative stress and disease progression. These 

findings are consistent with the results of earlier studies, 

including that of [48], which showed that elevated 

oxidative stress was significantly correlated with motor 

dysfunction and cognitive impairment in PD patients. In 

addition, multiple regression analysis also validated that 

both oxidative stress and mitochondrial dysfunction 

highly contributed to clinical outcomes, and oxidative 

stress had a better correlation. This result agrees with 

other reports that oxidative stress is a key player in the 

pathophysiology of PD and affects both neuronal 

degeneration and neuroinflammation. The high 

standardized beta value for oxidative stress (0.419) 

indicates its significant contribution to clinical 

outcomes, which supports the hypothesis that oxidative 

stress is a key promoter of disease progression. 

Interestingly, the findings from the Chi-Square test 

for association between treatment type and disease stage 

did not show any statistically significant association. 

Lack of significant association indicates that the decision 

regarding treatment type does not depend significantly 

on the stage of the disease, which contrasts with some 

earlier studies that have suggested that more severe 

stages of PD can result in a variation in treatment 

schedules or the application of adjunctive treatments. 

For instance, late-stage PD is usually managed with 

more complicated drug regimens involving dopamine 

agonists or COMT inhibitors alongside Levodopa, as 

noted by the results of who noted changes in medication 

patterns with disease progression [49]. Nonetheless, in 

the current research, the absence of a significant 

association could be due to a variety of reasons, 

including the homogeneity of the treatment modalities in 

the sample or the existence of confounding variables that 

were not addressed, e.g., comorbidities or patient 

preference, which may drive decision-making regarding 

treatment [50]. 

The findings of this study add to the increasing 

literature on the significance of mitochondrial 

dysfunction and oxidative stress in PD pathogenesis. 

Interventions aimed at mitochondrial dysfunction and 

oxidative stress are promising as therapeutic 

interventions. Some recent studies have indicated that 

antioxidant therapies, including Coenzyme Q10 and 

other mitochondrial-targeted agents, may be able to 

reduce oxidative stress and delay disease progression 

[51]. Furthermore, the research underscores the 

importance of additional exploration of the means by 

which mitochondrial dysfunction and oxidative stress 

may be modulated for enhanced clinical efficacy in PD 

patients. Comorbidities and treatment protocols also 

need to be examined for effects on PD disease 

progression, and how these act in concert with 

mitochondrial dysfunction and oxidative stress to 

modulate the severity of disease [52]. 

The findings of this research underscore the intricate 

interaction between mitochondrial dysfunction, 

oxidative stress, and disease progression in Parkinson's 

Disease (PD). Mitochondria, also known as the 

powerhouses of cells, are essential for sustaining cellular 

function through energy production. In PD, 

mitochondrial dysfunction causes an energy deficit, 

especially in dopaminergic neurons, which are the initial 

ones to be impacted in the disease [53]. Such loss of 

energy undermines the cell's capacity for repair as well 

as proper functioning. Consequently, there is an 

imbalance between the synthesis of reactive oxygen 

species (ROS) and the capacity of the cell to neutralize 

them, resulting in oxidative stress. Such an excess of 

ROS leads to cellular component damage, such as lipids, 

proteins, and DNA, in contributing to the degeneration 

of neurons  [54]. 
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CONCLUSION 

This study underscores the significant role of 

mitochondrial dysfunction and oxidative stress in the 

pathophysiology of Parkinson’s Disease (PD). The 

findings suggest that both mitochondrial dysfunction and 

oxidative stress are closely linked to the severity and 

progression of the disease. Mitochondrial impairment, a 

hallmark of PD, disrupts cellular energy production, 

leading to an increase in reactive oxygen species (ROS) 

that, in turn, causes oxidative damage to cellular 

components, particularly in dopaminergic neurons. This 

process accelerates neurodegeneration, contributing to 

the characteristic motor and non-motor symptoms of PD. 

The correlation and regression analyses indicate that 

oxidative stress, in particular, plays a central role in 

influencing disease severity, reinforcing the idea that 

interventions aimed at reducing oxidative damage could 

offer therapeutic benefits in slowing disease progression. 

Despite the strong association between mitochondrial 

dysfunction, oxidative stress, and disease severity, the 

study did not find a significant relationship between 

disease stage and treatment type. This result suggests 

that other factors, such as patient preferences, 

comorbidities, and clinical practices, may influence  

treatment choices more than the disease stage itself. The 

lack of this expected association calls for further 

investigation into the complexities of treatment 

decisions in PD and how various factors interplay to 

determine optimal care strategies [55]. 

The findings of this study open several important 

avenues for future research and therapeutic development 

in Parkinson’s Disease (PD). Given the central role of 

mitochondrial dysfunction and oxidative stress in 

disease progression, there is a significant opportunity for 

the development of targeted therapies that aim to restore 

mitochondrial function and reduce oxidative damage. 

Future studies could focus on the exploration and 

optimization of mitochondrial-targeted compounds, 

such as antioxidants or mitochondrial stabilizers, which 

have shown promise in preclinical trials. Additionally, 

understanding the complex relationship between 

mitochondrial dysfunction, oxidative stress, and 

neuroinflammation will be crucial for identifying new 

biomarkers for early diagnosis and monitoring disease 

progression. Furthermore, research could investigate the 

interactions between these molecular mechanisms and 

other factors such as genetic predispositions, 

environmental exposures, and comorbidities, to develop 

personalized treatment plans. As treatment strategies 

continue to evolve, there is a need for clinical trials to 

test the efficacy of therapies that not only alleviate 

symptoms but also modify the underlying disease 

processes. Ultimately, these advances could lead to the 

development of disease-modifying therapies that could 

slow or even halt the progression of PD, offering new 

hope for patients and their families. 
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