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SUMMARY 
 

Mitochondrial genetics is a crucial area of research with major implications for human health. Mitochondria are cellular 
organelles essential for energy production but also play vital roles in other cellular processes like calcium regulation and redox 
balance. Certain unique characteristics of the mitochondrial DNA (mt-DNA) including its high mutation rate, maternal inheritance 
and heteroplasmy make it central to understanding the wide range of genetic and complex diseases. 
This review examines the bridge between mt-DNA mutations and various diseases such as mitochondrial myopathies, 
neurodegenerative disorders and complex diseases like type 2 diabetes and cardiovascular disorders. Mutations in the mt-DNA 
lead to generation of reactive oxygen species (ROS) which leads to cellular damage and disease progression. The review 
explores different epigenetic factors such as environment. Lifestyle, aging impact the mitochondrial function with focus on the 
susceptibility of mt-DNA to oxidative damage due to its proximity to ROS generation sites  
The review also highlights the importance of mitochondrial genetics in reproductive health and provides insights on maternal 
transfer of mt-DNA and inherited mitochondrial disorders. These findings offer foundation for advancement in diagnosing, 
treating and preventing mitochondrial diseases, ultimately increasing our understanding of human biology and disease 
mechanism. 
Keywords: Mitochondrial genetics, Mitochondrial DNA (mt-DNA,) Mitochondria Genetic diseases, Mitochondrial myopathies, 
Neurodegenerative disorders, Type 2 diabetes, Cardiovascular disorders 

 
INTRODUCTION 
 

Mitochondria or as more often referred as “powerhouse” of the cell 
due to their ability to produce ATP via a process called oxidative 
phosphorylation, mitochondria are also responsible for a range of 
other biological processes crucial for the cell’s survival like calcium 
homeostasis, redox balance, signaling pathways, energy 
production1,2,3 mitochondria maintain a redox state within the cell 
by producing reactive oxygen species (ROS) which influence many 
cellular activities including signaling, gene transcription, 
apoptosis4,5,6. Mitochondria is also actively involved in maintaining 
an equilibrium of calcium ions within a cell which are important for 
muscular contraction, neuronal communication and hormone 
production7. They also regulate the metabolic functions of a cell by 
altering the activity of enzymes related to glycolysis, citric acid 
cycle, pentose phosphate pathway3. Mitochondria are dynamic 
organelles that change their shape, size and distribution according 
to the condition within the cell, these changes are necessary to 
preserve cellular homeostasis and controlling biological process 
like morphogenesis, cell migration and senescence8,9,10. 

Metabolites produced by the mitochondria have signaling 
properties contributing to intra cellular communication5. These 
metabolites are also responsible for cellular senescence, which is 
a condition marked by the buildup of damaged cellular components 
and continuous stop of cell cycle9. 

Mitochondria are present in most eukaryotes and contain 
their own genetic material, the study of this genetic material is 
called mitochondrial genetics11 for most eukaryotic organisms the 
process of oxidative phosphorylation is crucial for survival and this 
process is dependent on the genetic information encoded in the 
mitochondrial. (mt-DNA)11,12,13. 

Understanding mitochondrial genetics is significant for 
understanding of many diseases and disorders for example 
Leber's hereditary optic neuropathy (LHON) is a common genetic 
mitochondrial condition that leads to vision loss due to optic nerve 
degeneration, the mutations occur in the gene ND1, ND4, ND6 
resulting in higher level of oxidative stress that the optic nerve cells 
endure causing damage to the nerve cells12. Another class of  
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diseases that mitochondrial genetics help in comprehending is the 
primary mitochondrial myopathies (PMMs) these diseases are 
characterized by abnormalities in the oxidative phosphorylation 
process brought on by mutation in nuclear and mt-
DNA .[13]Mitochondrial genetics doesn't only help us in 
understanding diseases but also evolution and diversity of different 
microorganisms, mitochondrial genetics was used in a study where 
the larvae and adults of aquatic fireflies matched to determine the 
relationship between species14. 

The aim of the review is to provide an in-depth analysis of 
the developing field of mitochondrial genetics and its significance 
in human health. Recent discoveries in the field link the 
pathophysiology of many diseases to mt-DNA (mt-DNA). Firstly, 
we aim to analyze the dynamic role of mt-DNA in cells and then we 
want to demonstrate that how research is transforming our 
knowledge of human health in relation to mt-DNA. 
 
Figure 1: Mitochondrial DNA of humans 
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Mitochondrial DNA (mt-DNA): mt-DNA is circular in shape and 
has a length of 15-20 kilobases, this circular arrangement allows 
for efficient replication and maintenance of the genetic material15. 
The mt-DNA is composed of two complimentary strands: the heavy 
(H-strand) and the light (L-strand), each serving as a template for 
the synthesis of the other15. Mt-DNA 13 highly conserved, protein 
coding genes. These encoded proteins participate in the electron 
transport chain and other mitochondrial processes15.  
 
Table 1: Numerous genes of mitochondria and proteins encoded by them. 

GENE  PROTEIN 

mt-ATP6 
Encodes the ATP synthase subunit 6, which is involved in the 
production of ATP during cellular respiration 

mt-ATP8 
Encodes the ATP synthase subunit 8, which is also involved 
in the production of ATP during cellular respiration 

mt-CO1 
Encodes the cytochrome c oxidase subunit 1, which plays a 
crucial role in the electron transport chain 

mt-CO2 
Encodes the cytochrome c oxidase subunit 2, which is also 
involved in the electron transport chain 

mt-CO3 
Encodes the cytochrome c oxidase subunit 3, which is 
involved in the electron transport chain 

mt-CYTB 
Encodes the cytochrome b, which is involved in the electron 
transport chain 

mt-ND1 
Encodes the NADH dehydrogenase subunit 1, which is 
involved in the electron transport chain 

mt-ND2 
Encodes the NADH dehydrogenase subunit 2, which is 
involved in the electron transport chain 

mt-ND3 
Encodes the NADH dehydrogenase subunit 3, which is 
involved in the electron transport chain 

mt-ND4 
Encodes the NADH dehydrogenase subunit 4, which is 
involved in the electron transport chain 

mt-ND4L 
Encodes the NADH dehydrogenase subunit 4L, which is 
involved in the electron transport chain 

mt-ND5 
Encodes the NADH dehydrogenase subunit 5, which is 
involved in the electron transport chain 

mt-ND6 
Encodes the NADH dehydrogenase subunit 5, which is 
involved in the electron transport chain 

 
CHARACTERSTICS OF MITOCHONDRIAL-DNA: While the 
structure of mt-DNA is simple, its characteristics are not, unlike 
nuclear DNA mt-DNA displays a phenomenon called heteroplasmy. 
Heteroplasmy is the co-existence of wild type and mutant mt-DNA 
variants within the same cell, the percentage of the mutant type 
mt-DNA has significant effect on the severity of disease16,17. 
Another characteristic of mt-DNA is the dramatic variance in the 
copy number between individuals and within the same cell over a 
period, such variance confounds our knowledge of how mt-DNA 
affects cellular health18,19. mt-DNA also shows structural changes 
like linear monomers and circular” head-to-head” dimers [20].  mt-
DNA also shows unique evolutionary patterns due to its high 
genetic drift caused by its high mutation rate21. 

Even though mt-DNA is more susceptible to mutation, mt-
DNA contains essential regulatory sequences like the D-loop which 
plays a key role in the transcription of the mt-DNA. These 
regulatory areas are highly conserved across species indicating 
the importance of them in healthy mt-DNA functioning15,22 of utmost 
importance is the link between mt-DNA mutations and wide range 
of human diseases like cardiovascular diseases, type 2 diabetes, 
hypertension, cardiomyopathies, neurodegenerative disorders and 
cancer23-26. 
 
Table 2: Difference between nuclear and mt-DNA  

Mitochondrial-DNA Nuclear DNA  
Structure 
Circular DNA  Linear DNA  
High mutation rate Lower mutation rate  
Evolutionary pattern 
High genetic drift Lower genetic drift 
Highly conserved Less conserved 

 
The inheritance pattern of mt-DNA varies between species, in most 
animals including humans mt-DNA is maternally inherited. This is 
due to the fact that after fertilization the mitochondria of the sperm 
are often destroyed leaving only the mitochondria of the egg to 
contribute to the mt-DNA of the progeny27,28. Although followed by 

most but not all maternal inheritance of mitochondria have 
exceptions, in other some species an inheritance pattern is seen in 
which both parents contribute mt-DNA. such inheritance is called 
the biparental inheritance of mt-DNA and is seen in male blue 
mussel (Mytilus)29. 

Another unique type of inheritance seen in some bivalve 
mollusks is doubly uniparental inheritance (DUI) in this pattern the 
females contribute their mt-DNA to both male and female 
offsprings while the males only transmit their mt-DNA to their 
sons30. opposed to general consensus over the maternal 
inheritance of mt-DNA in humans, there may be a bimodal 
inheritance pattern of biparental inheritance in humans, this 
suggests that paternal mt-DNA transmission  to the progeny is 
possible. However, concerns over the contamination of mt-DNA 
with nuclear pseudogenes (NUMTs) raise concerns over the 
validity of these of these findings31,32.  
 
Figure 2: Mutations of mt-DNA and their consequence  
Mitochondrial Genetics 

 
 
 
Mt-DNA is prone to many types of mutation including point, 
deletions, insertions, heteroplasmic and homoplasmic mutations33-

37. The mentioned mutation in the mt-DNA lead to a variety of 
diseases like mitochondrial encephalomyopathies which primarily 
affect the brain and muscles leading to seizures, cognitive 
impairment and muscle weakness examples of mitochondrial 
encephalomyopathies are MELAS (mitochondrial myopathy, 
encephalopathy, lactic acidosis and stroke-like episodes)38,39. 

Mitochondrial leukoencephalopathies are the disorders that 
primarily affect white matter in brain leading to gradual neurological 
decline and cognitive impairment e.g., mitochondrial 
leukoencephalopathy with brainstem and spinal cord involvement 
and high lactate (MLBLSL)39. Mitochondrial fatty acid oxidation 
disorders (FAODs) are another type of mitochondrial diseases that 
impairs the breakdown of the fatty acids for energy production, e.g., 
carnitine palmitoyl transferase II deficiency, very long chain acyl-
CoA dehydrogenase deficiency40 mitochondrial diabetes is another 
group of disease characterized by diabetes and deafness e.g. 
maternally inherited diabetes and deafness (MIDD) and diabetes 
and deafness (DAD)41. Mitochondrial myopathies are disorders 
characterized by muscle weakness, fatigue and pain e.g. 
mitochondrial myopathies with lactic acidosis and mitochondrial 
myopathies with ragged-red fibers38 mitochondrial disorders that 
affect the brain and the gastrointestinal system and other organs 
are called mitochondrial neurogastrointestinal encephalopathy 
(MNGIE) these disorders often present with seizures, 
gastrointestinal dysfunction and muscle weakness38. Mitochondrial 
diseases also include neurodegenerative disorders like 
Parkinson’s disease, Alzheimer's and Huntington disease42,43. 

Mt-DNA acquires mutation mainly through two ways; mt-
DNA replication and transcription and reactive oxygen species 
(ROS) production44,45. The replication of the DNA of mitochondria 
occurs by a semiconservative process during which continuous 
replication of one strand called leading strand occurs, and another 
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strand’s replication occur in short fragments called Okazaki 
fragments, this strand is known as lagging strand44. This replication 
is prone to error due to its asymmetric nature. The lagging strand 
spends more time as a single strand than leading strand making 
the lagging strand susceptible to mutations more specifically point 
mutations G→A and T→C transitions46. Another mechanism of 
mutation is oxidative damage via ROS, these moieties modify the 
bases of mt-DNA e.g. formation of 8-oxoguanine47,48. 

To mend these mutations mt-DNA has evolved several DNA 
repair mechanisms. The bases excision repair is the primary 
mechanism to repair oxidative damage to mt-DNA, the process 
starts with recognition of the damaged base followed by excision of 
the damages base via enzymes like OGG1 and filling the gap 
created from excision with the correct base49,50. Homologous 
recombination is another mechanism of mt-DNA repair in which the 
healthy strand of mt-DNA is used as the template to repair the 
damaged strand49,50 Microhomology mediated end joining (MMEJ) 
repairs the double stranded breaks in the mt-DNA by randomly 
joining ends49,50. 
Mitochondrial Function and Dysfunction 

Mitochondria are the principal sites for ATP production within 
a cell through oxidative phosphorylation51-54. The mitochondrial 
electron transport chain (ETC) is made up of 4 complexes (I-IV), 
these complexes receive an electron and transfer it to the next 
one55-57. The transfer of electrons is coupled with pumping of 
hydrogen ions from the matrix to the intermembrane space 
resulting in a proton gradient57,58. This proton gradient is used by 
ATP synthase to phosphorylate ADP to ATP and inorganic 
phosphate. This process is called chemiosmosis and is the primary 
method of ATP synthesis in mitochondria59. Mitochondria utilizes 
many substrates like glucose, amino acid, fatty acids to generate 
reducing agents e.g., NADH and FADH2.These substrates are 
oxidized in the tricarboxylic acid cycle and the β-oxidation pathway 
to generate electrons for the ETC (55,60). During the oxidative 
phosphorylation some of the electrons may escape from the ETC 
and react with oxygen forming reactive oxygen species ROS55,61,62.  

Mt-DNA mutations (mt-DNA) play a very important part in 
effecting mitochondrial function and have been linked to various 
diseases and disorders63 emphasized the need of measuring 
mitochondrial heteroplasmy levels in mice models to better 
understand the effects of changed one-carbon metabolism on mt-
DNA64. Furthermore, the effect of proteotoxicity on mitochondrial 
function has been studied in budding yeast, providing insight into 
gene dosage responses to mt-DNA depletion and mitochondrial 
protein stress65. MutPred scores have been used to predict the 
pathogenicity of mt-DNA variations on protein function in the 
context of neurocognitive performance in persons with HIV, 
indicating a potential relationship between mt-DNA mutations and 
cognitive impairment. Furthermore, the effects of iodine 
supplementation and mt-DNA mutations on papillary thyroid cancer 
in Saudi women eating a vegetarian diet were investigated, 
emphasizing the importance of understanding the role of 
environmental factors in conjunction with genetic mutations66. The 
interaction of iron, dopamine, and mitochondrial activity has been 
studied in the context of Parkinson's disease, demonstrating that 
dopamine treatment can improve mitochondrial fitness by 
increasing mitochondrial respiration and activating the antioxidant 
stress response67. 

Furthermore, the role of lysine acetylation in the function of 
mitochondrial ribosomal protein L12 has been investigated as a 
possible mechanism for regulating mitochondrial gene expression, 
highlighting the complex relationship between post-translational 
modifications and mitochondrial function76. Mitochondrial function 
is dependent on the coordinated expression of mitochondrial and 
nuclear genes, and mito-nuclear incompatibilities may influence 
nuclear compensatory evolution in response to damaging mt-DNA 
mutations77. 
 
 
 

Fig. 3 Effect of mitochondrial dysfunction on cells and eventually on organs 
 

 
Table3: This table demonstrates the impact of Environmental Factors on 
mitochondrial DNA and their mechanism of action. 

Environmental 
factors  

Mechanism of 
action 

Impact on 
mitochondria 

References 

Cigarette 
Smoke 

Induces oxidative 
stress and 
mitochondrial 
DNA damage 

decreased 
mitochondrial 
respiratory function 

[68] 

Alcohol 
Consumption 

Increases 
production of 
reactive oxygen 
species (ROS) 

Mitochondrial DNA 
mutations, 
impaired ATP 
production 

[69] 

Pesticide 
Exposure 

Inhibits 
mitochondrial 
electron transport 
chain 

Mitochondrial 
dysfunction, 
apoptosis 

[70] 

High-Fat Diet 

Alters 
mitochondrial 
dynamics and 
biogenesis 

Increased 
mitochondrial ROS 
production, insulin 
resistance 

[71] 

Ultraviolet (UV) 
Radiation 

Causes direct 
DNA damage and 
increases ROS 

Mitochondrial DNA 
deletions, impaired 
mitochondrial 
function 

[72] 

Air Pollution 

Triggers oxidative 
stress and 
inflammation 
 

Mitochondrial 
damage, reduced 
biogenesis 

[73] 

Heavy Metals 
(e.g., Lead, 
Mercury) 

Inhibits 
mitochondrial 
enzymes, induces 
oxidative stress 

Disrupted 
mitochondrial 
function, apoptosis 

[74] 

Radiation 
Exposure 

Induces double 
strand breaks in 
DNA 

Mitochondrial DNA 
mutations, cell 
death 

[75] 
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Furthermore, the intrinsic complexity of mt-DNA related to 
genetic analysis has been explored, underlining the necessity for 
novel approaches to better understand the role of mt-DNA in 
human health and illness70. When mitochondria get debilitated, it 
can lead to the pathophysiology of many diseases. It produces 
reactive oxygen species (ROS) in human spermatozoa, causing 
oxidative stress, reduction in sperm formation, and events like 
apoptosis. Oxidative stress is leading cause of male infertility71. 
The debilitated mitochondria in combination with insufficiency of 
glymphatic system, is the main cause in the development of 
neurodegenerative diseases. This situation can cause clumping of 
misfolded proteins, inability of glymphatic clearance and 
neuroinflammation which can lead to the development of 
Alzheimer’s Disease80. In this disease, failure of mitochondria, 
oxidative stress, and continuous neuroinflammation develop 
interrelated cascades that lead to the development of disease. 
Possible therapies direct oxidative stress and mitochondrial 
bioenergetics73. The collaboration between kidney and heart 
diseases is linked to impaired mitochondria, which leads to the 
outcomes such as deprived energy metabolism and cellular stress 
responses. Sustaining homeostasis of mitochondria can be a 
therapeutic option for cardiorenal syndrome82. In the conditions of 
cardiac failure, the inability of mitochondria to work properly is 
more than a failure for production of energy; including blockage of 
metabolic reactions, redox imbalances, and inflammation, which 
subsidize to heart diseases83. The deteriorated conditions of 
mitochondria in mesothelial cells is linked to the impairment of 
peritoneal membrane throughout dialysis of peritoneum, inferring 
that mt-DNA concentration in dialysate might be a biomarker 
indicating damage to membrane84. Pathophysiology of 
preeclampsia is also linked to disruption of mitochondrial function, 
even though additional research is required to understand the 
complete mechanism85. In SLE, immunological dysregulation 
occurs due to impaired mitochondria causing interaction of 
noncoding RNAs with oxidative stress. This interaction highlights 
the efficiency of antioxidant medications86. In PCOS, impaired 
mitochondria effects metabolic systems and reproductive organs, 
pointing towards a complex association between functions of 
mitochondria and reproductive pathology63. 
Mitochondrial Diseases: Findings have shown that mitochondrial 
genomics is central to human physiology and has been linked with 
numerous diseases ranging from metabolic diseases, 
neurodegenerative diseases or even the aging process. 
Mitochondrial dysfunction in relation to other complex disorders 
like diabetes and cardiovascular diseases has received a lot of 
focus and emphasis in recent studies. Undefined from a genetic 
point of view, mitochondrial diseases are caused by defects in the 
mt-DNA that led to impaired mitochondrial oxidative 
phosphorylation, with mutations, aging, infections, or certain 
lifestyles among the notable causes of diseases such as cancer, 
type-2 diabetes, cardiovascular diseases, or Alzheimer’s diseases. 

The genes of mitochondria have a very important role in 
many health conditions which include neurodegenerative diseases, 
metabolic syndromes, aging, diabetes, cardiovascular diseases, 
and cancer. The Mitochondria can lose its function by various 
conditions such as mutations, aging, Infections, and sedentary 
lifestyle can lead to disorders such as cancer, type 2 diabetes, 
cardiovascular disease, and Alzheimer’s disease87. One study has 
shown that the mt-DNA mutations has role in the quality and 
quantity of mt-DNA which has affected fertility in both males and 
female gametes, impacting pregnancy88. 
Impact of Mitochondrial Genetics on Health Conditions: 
Mitochondria are the main cellular component of the production of 
energy, so decreased production of ATP affects muscle and brain 
which requires large amount of energy leading to metabolic 
conditions88. The inability of Mitochondria to function effectively 
has close association with the development of type 1 and type 2 
diabetes .The reduction in synthesis of mitochondria other than 
normal and decreased oxidative phosphorylation is associated with 
insulin resistance and lost function of b cells of pancreas88. 

Particular mt-DNA variations like mutation in the gene A3243G are 
linked with a type of diabetes named mitochondrial diabetes which 
is associated with hearing loss89. One study has shown that 
impaired energy generation in mitochondria can lead to 
Mitochondrial Myopathy presented withmuscle weakness and 
exercise intolerance production. Mt-DNA variations like mutation in 
the gene A3243G is linked with a type of diabetes named 
mitochondrial diabetes which is associated with hearing loss89. 
One study has shown that impaired energy generation in 
mitochondria can lead to Mitochondrial Myopathy presented with 
muscle weakness and exercise intolerance production90. The 
mutations in mitochondrial genes encoding proteins of oxidative 
phosphorylation (OXPHOS) can lead to disruption in mitochondrial 
function, which can lead to impairment in ATP production, and 
increased production of reactive oxygen species (ROS), and 
metabolic pathways can be altered. The increased production of 
ROS could damage the components of cell, Including DNA, 
proteins, lipids of cell membrane that’s why oxidative stress is a 
common characteristic of metabolic diseases91. Studies have 
shown that the mutations in mitochondrial genes especially genes 
encoding proteins of electron transport chain, have increased risk 
of metabolic conditions92. The mt-DNA variants can also lead to 
the development of MELAS Syndrome presenting muscle 
weakness, encephalopathy, lactic acidosis, and stroke-like 
episodes93. The apoptosis and cell death is also regulated by 
mitochondria, So the defective mitochondria can increase or 
decrease tissue condition leading to metabolic disorders94. 

The degradation of mitochondria on specific sites is also 
known as Mitophagy in which defected mitochondria accumulates 
in nerve cells leading to neurodegenerative diseases95. The 
impairment of mitochondrial function is a crucial sign in many 
neurodegenerative diseases, including Alzheimer's disease (AD), 
Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS). 
The nerve cells can die due to impaired mitochondria due to 
mechanisms such as oxidative stress, Impaired calcium 
homeostasis, and mitochondrial dynamics which can contribute to 
pathogenesis of these diseases96,89. The mitochondrial disorders 
arise from mutations in mt-DNA and nuclear genome, the 
connection between mt-DNA mutations and neurodegenerative 
disorders like Alzheimer's and Parkinson's diseases is still not 
known. The mitochondria undergo the process of mitochondrial 
dynamics (fusion and fission) to maintain their shape, distribution 
and size98. The Process of mitochondrial dynamics should be 
stable to maintain its function otherwise it will lead to 
neurodegeneration99. 

The important disease linked to impairment of mitochondria 
especially in substantia nigra is Parkinson’s disease contributing to 
dopaminergic neuron degeneration. The main role of genes in 
Parkinson’s disease are played by PINK1 and Parkin, which play a 
part in the quality control of mitochondria, are associated with 
familial variants of Parkinson’s disease100. The deletions of mt-
DNA and the mutations results in accumulation of impaired 
mitochondria in Nerve cells of Parkinson’s Disease101. The inability 
of mitochondria to function properly can lead to the degeneration of 
motor neurons which leads to the pathogenesis of Amyotrophic 
Lateral Sclerosis (ALS).It is caused due to mutations in genes like 
SOD1, TDP-43, and C9orf72102. The observed features seen in 
ALS patients are lack of mitochondrial dynamics, bioenergetics, 
and increased oxidative stress103. Alzheimer's Disease (AD) is also 
caused due to mutations and deletions in the DNA content of 
mitochondria leading to its impaired function and death of 
neurons104. The function of mitochondria can be associated due to 
accumulation of Mitochondria-associated amyloid-beta (Aβ) 
accumulation which impairs the function of mitochondria, which 
increases oxidative stress and neuroinflammation105. The mutation 
in HTT gene due to CAG repeat expansion leads to impaired 
mitochondria and death of nerve cells. Study reveals that the 
synthesis and dynamics of mitochondria are changed in HD, 
leading to neurodegeneration106. The abnormal Huntington protein 
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weakens the function of mitochondria, dysregulates homeostasis 
of calcium and increases oxidative stress107. 

The reduction in the copy number and the quality of mt-DNA 
are linked to improper function of organelle in aging, drawing 
attention to the need for treatment to pay attention to pathologies 
resulting from mt-DNA mutations[108]The cells which age have 
reduced ATP production in mitochondria, influencing the most 
energy utilizing tissues such as brain and muscle. The impaired 
mitochondria is a common characteristic of aging109. The mutations 
in the DNA of mitochondria disrupts oxidative 
phosphorylation ,leads to decreased ATP production which leads 
to age related decrease in cell function110. The improper dynamics 
of mitochondria, leads to cellular aging and senescence111. The 
lost function of mitochondria is deeply connected to the process of 
aging .With increased age mt-DNA mutations get together in 
mitochondria and loss of function of mitochondria occur ,leading to 
cellular senescence, tissue degeneration, and age-related 
diseases. The lost function of mitochondria intensifies the oxidative 
stress and disrupts cellular homeostasis and triggers the aging 
process112,113. 

The Mitochondria has very important role function and 
differentiation of lipocytes abnormal conditions of mitochondria can 
impair lipid metabolism of the body, leading to obesity114 changes 
in metabolic rate and the obesity are rare associated with 
polymorphisms in mt-DNA115. The Mitochondria has very important 
role in function and differentiation of lipocytes abnormal conditions 
of mitochondria can impair lipid metabolism of the body, leading to 
obesity114. The changes in metabolic rate and the obesity are 
associated with polymorphisms in mtDNA115. 
 
Table 4: This table shows the association of genetic defects of mitochondria with 
Cardiovascular Diseases. 

Mitochondrial genetic defect 
Associated 
cardiovascular diseases 

References 

Mutations in mitochondrial 
tRNA genes 

Hypertrophic 
Cardiomyopathy 

[122] 

Mutations in mitochondrial DNA 
(mtDNA) 

Dilated Cardiomyopathy [123] 

Mutations in mitochondrial 
complex I (ND genes) 

Ischemic Heart Disease [124] 

Mitochondrial DNA deletions 
Kearns-Sayre 
Syndrome 
(Cardiomyopathy) 

[125] 

Mutations in mitochondrial 
complex II (SDH genes) 

Hypertension [126] 

Mutations in mitochondrial 
complex III (CYTB gene) 

Arrhythmias [127] 

Mutations in mitochondrial 
complex IV (COX genes) 

Cardiomyopathy [128] 

Mutations in ATP synthase (mt-
ATP6) 

Mitochondrial Myopathy 
(with Cardiac 
Involvement) 

[129] 

Mitochondrial DNA depletion 
syndrome 

Heart Failure [130] 

Mutations in the mitochondrial 
D-loop region 

Atherosclerosis [131] 

 
Table 1 This table shows the genetic defects of mitochondria that can cause 
various cancers. 

Mitochondrial Genetic Defects Associated cancer Reference 
Mutations in mitochondrial DNA Breast cancer [135] 
Mitochondrial DNA deletions Pancreatic cancer [136] 
Mutations in mitochondrial complex I 
(ND genes) 

Liver cancer [137] 

Mutations in mitochondrial complex II 
(SDH genes) 

Paraganglioma, 
Pheochromocytoma 

[138] 

Mutations in mitochondrial complex III 
(CYTB gene) 

Colorectal Cancer [139] 

Mutations in mitochondrial complex IV 
(COX genes) 

Prostate Cancer [140] 

Mitochondrial DNA depletion 
syndrome 

Renal cancer  [141] 

Mutations in tRNA genes Gastric cancer [142] 
Mutations in ATP synthase (mt-ATP6) Brain Cancer 

(Glioblastoma) 
[143] 

Mutations in the mitochondrial D-loop 
region 

Head and Neck 
Cancers 

[144] 

The lost function of mitochondria leads to the development 
of diabetes by disrupting insulin secretion and mode of action, 
promoting β-cell impairment, and triggers insulin resistance in 
peripheral tissues. Mutations in mt-DNA and nuclear-encoded 
mitochondrial genes have related to an increased risk of diabetes 
and its complications116,117. The impairment of mitochondrial 
function plays a crucial role in the pathogenesis of cardiovascular 
diseases such as heart failure, ischemic heart disease, and 
cardiomyopathies. When mitochondria lose its function energy 
depletion, increased oxidative stress, and impaired calcium 
handling, occurs which can lead to myocardial dysfunction and 
cardiac remodeling118,119. The dysregulation of function of 
mitochondria plays a crucial role in the pathogenesis of 
cardiovascular diseases, including cardiomyopathy and 
atherosclerosis92. The mutations in the genes of mitochondria is 
associated with impaired oxidative phosphorylation, increasing 
increased reactive oxygen species (ROS),and cell death, leading 
to cardiovascular diseases120. The DNA of mitochondria codes for 
13 proteins which play important role in electron transport chain 
and oxidative phosphorylation, and also contains genetic 
information of 22 tRNAs and 2 rRNAs for protein synthesis of 
mitochondria.mt-DNA is inherited from mothers unlike nuclear DNA 
that why it is more likely to be mutated because of less repair 
mechanisms and closeness to ROS production sites121.    
The different conditions of mt-DNA and disruption of its genes are 
linked with survival outcomes in cancer patients, shows the 
importance of link between nuclear and mitochondrial genes in 
cellular function. Mt-DNA variations and dysregulation of 
mitochondria-encoded genes are associated with cancer [125]. 
The mt-DNA mutants impact the development of cancer and by 
many processes, including altered energy metabolism, evasion of 
apoptosis, and promotion of tumor cell proliferation, facilitating 
tumor growth and metastasis133,134. 
Current Treatments for Mitochondrial Diseases 
1. Nutritional Supplements and Pharmacological Agents: 
many pharmaceutical drugs and nutrients are being utilized to 
improve the function of mitochondria and to improve the signs and 
symptoms. They are hypothesized to aid in the energy synthesis of 
cell and include antioxidants, vitamins, and co-factors. Many 
clinical trials are conducted to test the effectiveness of these 
supportive therapies whose results have been mixed up and 
further research is required to determine the true impact on human 
body145.  
2. Biochemical Approaches: Some interventions involve an 
increase in electron transport and the availability of substrates in 
electron transport chain. They impact biosynthesis of mitochondria 
and decrease reactive oxygen species (ROS). Special 
pharmaceutical strategies are employed to serve these purposes. 
[146]As oxidative stress is the main cause of the impairment of 
mitochondrial function, and it is mainly due to ROS so antioxidants 
are being employed to scratch out ROS and reduce oxidative 
stress 
3. Gene Therapy and Allotopic Expression: Leber Hereditary 
Optic Neuropathy (LHON), In this type of therapy, a mitochondrial 
gene named ND4 involved in the electron transport chain of 
mitochondria is transported to cell nucleus for expression, by 
mechanism known as allotropic expression. It is a promising 
strategy toward treating LHON which affects vision145. 
4. Mt-DNA Maintenance Disorders: Some trials are being 
conducted clinically which have been proven successful. Some 
approaches include to understand the biochemical process of the 
replication of DNA of mitochondria which has shown promising 
treatment aspects, includes enhancement of small molecule 
substrate and gene therapy with the help of adenovirus or 
lentivirus vectors147. 
5. Physical Exercise and Lifestyle Interventions: The health of 
mitochondria can be improved with diet and including daily 
exercise in life.They have been shown to increase synthesis and 
function of mitochondria, with the potential of treating symptoms in 
patients with mitochondrial disease148.  
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Researchers are conducting research in transplantation of 
mitochondria into damaged cells to restore their function which has 
shown promising results in the treatment of diseases of 
mitochondria138. Most common gene editing techniques such as 
CRISPR Cas 9 can repair genetic mutations in order to treat 
mitochondrial diseases, but they are still in the stage of 
experiments. A novel strategy in the treatment of mitochondrial 
diseases involves Ibudilast which is inhibitor of phosphodiesterase. 
Its clinical and preclinical trials are being conducted to treat 
mitochondrial related neurodegenerative diseases and it has 
proven successful to reduce inflammation, oxidative stress, and 
apoptosis150. 

Mitochondrial Gene therapy hopes to replace genes having 
faults by healthier gene in order to improve the genetic bases of 
diseases associated with dysfunction of mitochondria and is 
currently under investigation on effective and  targeted methods of 
delivery151. Current investigations have focused on treatments that 
aim at treating maintenance disorders of mitochondria .These 
strategies include gene therapies associated with lentivirus or 
adenovirus ,has been proven successful in evaluating the human 
health outcomes in clinical and pre-clinical trials152.  

Parkinson’s disease shows a main characteristic of impaired 
mitochondrial function. So, gene therapies are being employed to 
improve the function of mitochondria, especially in monogenic and 
idiopathic forms, showing promising results. Still investigations are 
being conducted on how to develop and deliver these therapies 
more effectively153. 

A novel strategy is developed to separate synaptic and non-
synaptic mitochondria from brain tissue known as Fractionated 
mitochondrial magnetic separation (FMMS). This technique has 
proven to detect mitochondrial dysfunction in the inflammation of 
central nervous system and neurodegenerative disorders, and it is 
better technique for assessment of brain derived mitochondria 
because it is better obtained154. 

Another experimental treatment is the PPARγ agonist which 
penetrates the brain has shown improvements in nervous system 
of experimental mouse models of X-linked adrenoleukodystrophy 
(X-ALD). It decreases nervous system related injuries and has 
shown potential to cure nervous system degeneration and 
neuroinflammation because of its ability to improve mitochondrial 
dysfunction155. The synthesis of mitochondria is greatly influenced 
by PGC-1α.Some therapeutic approaches in order to increase 
PGC-1α have shown great effects in improvement of urinary 
system in animal models of chronic kidney injury (CKD) or acute 
kidney injury (AKI).This types of therapies can also be used to treat 
mitochondria associated diseases by enhancement of 
mitochondrial synthesis and improvement of its dysfunction156. 

A future research direction is towards the modification of the 
genetic profiles of individuals with the emergence of personalized 
medicine. Genome editing systems such as CRISPR-Cas9 have 
the capability to correct genetic mutations which are responsible 
for impairment of mitochondrial function. Investigations are now 
being conducted on the mechanisms of delivery improving the 
long-term safety and effectiveness of these type of gene 
therapies151. 

Some drugs target mitochondrial biosynthesis and are in 
active research. PPARγ agonist decreases nervous system related 
injuries and has shown potential to cure nervous system 
degeneration and neuroinflammation because of its ability to 
improve mitochondrial dysfunction157. The synthesis of 
mitochondria is greatly influenced by PGC-1α.Some therapeutic 
approaches in order to increase PGC-1α have shown great effects 
in improvement of urinary system in animal models of chronic 
kidney injury (CKD) or acute kidney injury (AKI).This types of 
therapies can also be used to treat mitochondria associated 
diseases by enhancement of mitochondrial synthesis and 
improvement of its dysfunction158.  
Challenges in Treatment: The diseases associated with 
mitochondria have different signs and symptoms, so it is 
complicated to develop a universal cure. The diagnosis and cure 

are tough because of the complicity of both mitochondrial and 
nuclear DNA and genetic heterogeneity. Precision medicine is 
required to assess the needs of each individual with mitochondrial 
disease151. The most important complication in gene therapy and 
the transplantation of mitochondria is to make sure that these 
treatment approaches have reached their targeted cells 
systematically. Some advances in drug delivery systems such as 
nanoparticles and viral vectors are required for the enhancement 
of target and intake of these therapies159. The continuous 
verification of the novel medicines is an obstacle. There can be 
several side effects which involve unexpected genetic 
modifications or there can be activation of immune responses 
towards viral vectors, so they need to be examined in preclinical 
and clinical trials. So, Research should be continuously carried out 
in order to reduce these dangers and improve these therapeutic 
strategies160. There is a complication in gathering enough 
participants in clinical trials to evaluate the health outcomes as 
mitochondrial diseases are very rare. Further trials should also be 
designed to describe the genetic and phenotypic diversity of these 
diseases. Corporative attempts and international registries can 
knock over these queries and can led to the development of novel 
therapeutic strategies157. 
 
CONCLUSION 
 

The study of mitochondrial genetics has evident impact on human 
health, bridging the gap between mitochondrial function, mutations 
and a wide range of diseases. Mitochondria are not only essential 
for energy production but are versatile cellular organelles playing 
crucial roles in cellular process. The unique characteristics of mt-
DNA like high mutation rate, maternal inheritance and the 
presence of heteroplasmy maki it a vital area of research for 
understanding the basis of human pathology. 

One of the most significant insights gained from research in 
this field is the link between mt-DNA and various disorders. 
Mutations in the mt-DNA can lead to a wide range of diseases 
such as mitochondrial myopathies, encephalopathies and 
neurodegenerative disorders like Alzheimer's and Parkinson's 
disease. These mutations disrupt the normal function of 
mitochondria leading to impaired energy production and the 
generation of reactive oxygen species (ROS) which damages the 
cell and contributes to the progression of diseases. The study of 
mt-DNA has also shone light on its role in complex diseases such 
as type 2 diabetes, cardiovascular diseases, and certain cancers 
emphasizing on the broader implication of mitochondrial 
dysfunction on human health.  

Research in this area has also shown that mitochondrial 
dysfunction is not only associated with genetic mutations but also 
environmental factors, lifestyles choices and aging. For example, 
oxidative stress which is due to the imbalance between the 
production of ROS and the body's ability to detoxify them, has 
been implicated in in the pathophysiology of several diseases. 
Mitochondrial-DNA is especially prone to oxidative damage due to 
its proximity to the electron transport chain, where these ROS are 
generated.  

Mitochondrial genetics also has its influence on reproductive 
health, with studies showing that mt-DNA mutations can affect 
fertility and health of an offspring. The maternal inheritance of the 
mt-DNA means that mutations in the maternal mt-DNA can be 
inherited by the progeny, potentially leading to inherited 
mitochondrial disorders. This aspect of mitochondrial genetics is 
vital for our understanding of inherited disorders and developing 
interventions to prevent or mitigate these conditions. 

In conclusion the study of mitochondrial genetics has 
revolutionized our understanding of mitochondrial function in 
human pathology the unique properties of mt-DNA and its central 
role in cellular processes makes it a critical focus point of research 
for understanding wide array of disease. As our collective 
knowledge of mitochondrial genetics continues to grow it opens 
new frontiers for diagnosing, treating and preventing mitochondrial 
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diseases and ultimately contributing to better understanding of 
human health. 
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