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Introduction
The energy plants of the  human being are composed of trillions 

of  mitochondria which is  semi-autonomous ,double membrane-
bound cellular  organelles that is in charge of generating most of 
the chemical energy needed to operate the cellular  biochemical 
reactions in the human body. The sizes of mitochondria vary from 
0.75 to 8 mm depending on the cell type, cell cycle stage, and 
intracellular metabolic state . These organelles make up as much 
as 10% of the cell volume but responsible of producing  90% of 
the human needs of  energy. Mitochondria can be divided into 
four functional areas, the mitochondrial outer membrane (OMM), 
mitochondrial membrane space, mitochondrial inner membrane 
(IMM), and mitochondrial matrix. The IMM is rich with various 
membrane proteins and the location where adenosine triphosphate 
ATP is generated via the proton motive force produced by the electron 
transport chain. Chemical energy produced by the mitochondria is 
stored in ATP. Mitochondrion (pleural is mitochondria)  is  found in 
every cell of the human body except red blood cells. Mitochondria 
contain their own small chromosomes. Mitochondrial DNA, are 
inherited only from the mother. Due to its ubiquitous presence in the 
body systems, its dysfunction is expected to be expressed in diverse 
symptoms and complaints of the heart brain ,kidney, pancreas, 
ears, eye, nerves ,muscles and other systemic manifestations. 
Two major pathologic disease mechanisms contributing to vast 
degenerative diseases in human, namely, neurodegenerative (ND)
disorders and atherosclerosis  are thought to have underlying mi 

 
tochondrial dysfunction as major contributing pathological 
mechanism. ND disorders like Alzheimer’s disease(AD), 
Huntington’s disease(HD), Parkinson’s disease(PD), Amyotrophic 
lateral sclerosis(ALS), Epilepsy, Schizophrenia, Multiple 
sclerosis(MS), and Neuropathic pain involves mitochondrial 
dysfunction and is regarded as the core of their pathological 
processes. Apoptosis is regulated by mitochondria and thought to be 
of  central role in the process of   ND disorders and atherosclerosis. 
Altered signaling of the apoptotic mechanisms are evident in 
neurodegeneration. The pathogenesis of neurological disorders 
is promoted by abnormal levels of molecular apoptotic proteins. 
Mitochondrial dysfunction yields higher levels of reactive oxygen 
species (ROS). Non-apoptotic death of cells is initiated by raised ROS 
levels. ROS produced in cells acts as signaling molecules, but when 
produced in larger amounts will result in cellular consequences to 
deoxyribonucleic acid, proteins and lipids, decreased effectiveness 
of cellular mechanisms, that will promote  inflammatory pathways,  
promote neuronal death caused by hyperactivity of excitatory 
amino acids –mainly Glutamate (Glu)-in the mammal Central 
Nervous System  (excitotoxicity), protein agglomeration and 
apoptosis. Increased production of reactive oxygen species in 
mitochondria, accumulation of mitochondrial DNA damage, and 
progressive respiratory chain dysfunction are associated with 
atherosclerosis or cardiomyopathy in human  and animal models. 
Other predisposing factors to atherosclerosis like, hyperglycemia, 
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hypertriglyceridemia, and aging can  induce mitochondrial 
dysfunction. Another indirect promoters of atherosclerosis 
including  chronic overproduction of mitochondrial reactive oxygen 
species which can destroy pancreatic cells, increased oxidation 
of low-density lipoprotein and dysfunction of endothelial cells. 
Recent scientific literature disclosing new discoveries illustrating  
that mitochondria are highly dynamic organelles even,beyond 
powerhouses of a cell that play important roles in cell homeostasis 
by regulating cell function and phenotypic modulation. In this 

original research article, up to date pathophysiological processes 
involved  in  mitochondrial dysfunction and its impact in the different 
ND disorders and atherosclerosis will be discussed. An innovative 
unique approach targeting mitochondrial apoptotic pathways and 
oxidative phosphorylation defects and other vital mitochondrial 
dysfunction consequences is discussed carrying new will toward 
ameliorating and/or aborting the process of atherosclerosis and 
neurodegeneration in human species. 

Mitochondrial dynamics in health and disease

Figure 1: Diversity of disease processes where mitochondrial dysfunction is a common denominator. We simply called them “mitochondrial 
dysfunction related diseases.

Mitochondrial diseases are a heterogeneous group of disorders 
with varying clinical features caused by impaired function of 
the mitochondrial respiratory chain. The underlying cause can 
be genetic or environmental. Gene mutations affecting either 
the nuclear DNA or the mitochondrial DNA (mtDNA), both of 
which contain genes encoding components of the oxidative 
phosphorylation machinery required to generate ATP, the 
currency of cellular energy [1]. Spectrum of more than 250 
distinct mitochondrial diseases have been linked to a variety of 
pathogenic variants occurring in the nuclear or mitochondrial 
genomes; these diseases typically manifest as severe and often 
lethal multisystemic disorders [2]. Mitochondrial dysfunctions 
involved in pathophysiology of neuropsychiatric disorders 
include disturbances in oxidative phosphorylation(OXPHOS), 
increased mitochondrial DNA (mtDNA) deletions, mutations or 
polymorphisms, impaired calcium signalling, and impaired energy 
metabolism as well as interactions with disease specific proteins 
(e.g., 𝛽 Amyloid peptide (A𝛽 ), parkin,PINK1, alpha-synuclein, and
huntingtin) [3] (Figure 1).

Mitochondrial trafficking which implies that mitochondria are 
dynamic organelles that are transported on cytoskeletal proteins is 
a feature of this very critical cellular organelle. Part of the normal 
mitochondrial behavior that is happening constantly and in a well-
organized manner is fusion (mediated by OPA1, Mfn1, and Mfn2)

and fission(means division) (proteins fission 1 and Drp1) , swell, 
extend, fragment, and are recycling (mitophagy or vesicle formation) 
. Fusion disorganization leads to mitochondrial elongation, and 
unbalanced fission will end up with excessive mitochondrial 
fragmentation and small mitochondria, both of which impair the 
function of mitochondria. Mitochondrial function and  organelle 
distribution in neurons require efficient  exchange of mitochondrial 
contents. Mitochondrial fusion, in particular, is required for proper 
development and maintenance of the cerebellum, is mediated in 
particular by Mfn2 [4]. Charcot-Marie-Tooth type 2A is caused by 
Mutations in the Mfn2 gene. Dominantly inherited optic atrophy 
is caused by  mutations in OPA1. Scientific evidence is in rise 
documenting cause effect relationship of altered  mitochondrial 
trafficking and fusion-fission dynamics and constellation of ND  
disorders including Alzheimer’s disease (AD), Parkinson’s disease 
(PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis 
(ALS).Mitochondrial dysfunction   contribute to atherosclerosis 
with different pathologic mechanisms including: mitochondrial 
DNA Damage, endothelial dysfunction, smooth muscle cells related 
mechanisms and macrophage activation derangements. Apoptosis, 
calcium signaling, proliferation, inflammation, and reactive 
oxygen species (ROS) synthesis are considered to be non power 
production functions of mitochondria that might contribute to ND 
and atherosclerosis.
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Mitochondrial Dysfunction and Neurodegenerative 
Disorders

Clinical and histopathological findings 

Alzheimer’s disease(AD) is the most common ND disorder.AD is 
characterized by progressive cognitive decline usually starting with  
impairment in the ability to form recent memories, progressing 
to affect all intellectual functions and ending up with complete 
dependence of  basic life activities and ultimately  , premature death. 
This trajec clinical deterioration is rooted to  histopathological 
changes in the form of  extracellular neuritic plaques and 
intracellular neurofibrillary tangles. Most of the plaque is amyloid 
peptide, while the tangles is composed of hyperphosphorylated tau 
proteins. It has been proposed that in sporadic AD mitochondrial 
dysfunction is the primary event that causes Amyloid peptide  
deposition, synaptic degeneration, and formation of neurofibrillary 
tangles [5]. AD brains and peripheral cells derived from patients 
with AD are characterized by  Energy deficiency [6,7]. Strategic 
three enzymatic systems in energy production are impaired in 
postmortem AD brain and fibroblasts, namely, tricarboxylic acid 
cycle enzyme complexes, pyruvate dehydrogenase, isocitrate 
dehydrogenase, and alpha-ketoglutarate dehydrogenase [8]. 
Platelets and lymphocytes OXPHOS complex I, III, and IV activities 
from patients with postmortem AD  brain tissue were found to be 
reduced [9,10]. Mitochondrial biogenesis is also deficient [11].

Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder. Triad of resting tremor, bradykinesia, 
and rigidity due to neurodegeneration and loss of dopaminergic 
(DA) neurons are the clinical hallmarks of PD. Loss of pigmented 

dopaminergic neurons in the substantia nigra and the presence of 
abnormal protein aggregates called Lewy bodies are the pathological 
hallkark of PD. Lewy bodies  are cytoplasmic eosinophilic 
inclusions composed of the presynaptic protein alpha -synuclein. 
The heaviness of evidence pointing to mitochondrial dysfunction 
as abases for PD is accumulating in the last 14 years. Rotenone 
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) when 
used as inhibitors for OXPHOS complex, in animal models, will 
produce neuropathologic and behavioral symptoms similar to 
human PD. Group of proteins PD including : phosphatase and tensin 
homolog-induced putative kinase 1 (PINK1), DJ-1, alpha-synuclein, 
leucine-rich repeat kinase 2, and parkin, are genetically linked to 
familial PD .Those proteins are either mitochondrial proteins or are 
associated with mitochondria. In specific  Parkin and PINK1 have 
a direct role in the cell’s mitochondrial quality-control pathways 
where they have role in  identifying impaired mitochondria 
with reduced membrane potential and selectively eliminating 
them from the mitochondrial network by mitophagy. Failure of 
mitophagy is thought to  play a role in the pathogenesis of PD [12].
The review of today’s medical literature will illustrate the fact that 
different neurodegenerative disorders and other mitochondrial 
dysfunctions affecting different systems have common pathways 
and similarities. It seems that specific trigger in specific cell type 
(AD: neuron microglia, PD: neuron ganglia, HD: neuron astrocyte, 
ALS: neuron) with fine tuning of certain mechanism/s in different 
body systems will favor the production of specific disorder rather 
than other mitochondrial dysfunction disorders. Figure 2 illustrate 
the possible defective mechanisms in PD as a model for other ND 
disorders and mitochondrial dysfunction in general.   

Figure 2: Constellation of pathophysiological mechanisms in Parkinson disease as a model example of mitochondrial dysfunction.
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Defective mechanism may operate in bidirectional pathways 
and affects mitochondrial membrane permability, trafficking, 
mitophagy, biogenesis, calcium imbalance  and the different 
mutations resulting in defective mitochondria operations. 
Those mechanisms may act as single defect or in combination 
with resultant increase in ROS and cell apoptosis. The complex 
interplay of the different defective mechanisms may end up 
with vicious cycle resulting in cell dysfunction and/or  death. 
Huntington’s disease (HD)  is a dominantly inherited progressive 
neurodegenerative disease, caused by  ≥36 CAG repeats in the HD 
gene (htt). Approximately 10% of patients inherit a chromosome 
that underwent CAG expansion from an unaffected parent with 
<36 CAG repeats [13]. The disease is characterized by progressive 
motor impairment, personality changes, psychiatric illness, and 
gradual intellectual decline. Pathologically, there is a preferential 
and progressive loss of the medium spiny neurons in the 
striatum, as well as cortical atrophy, and degeneration of other 
brain regions later in the disease. Bioenergetic deficiency  and 
mitochondrial dysfunction is a hallmark in HD as documented by 
extensive evidence in recent years medical literature. Bioenergetic 
deficiencies is evident by constellation of  clinical and laboratory 
findings. Pronounced weight loss despite sustained caloric intake, 
nuclear magnetic resonance spectroscopy showing increased 
lactate in the cerebral cortex and basal ganglia, decreased activities 
of OXPHOS complexes II and III, reduced aconitase activity in the 
basal ganglia, abnormal mitochondrial membrane depolarization 
in patient lymphoblasts, abnormal ultrastructure of mitochondria 
in cortical biopsies obtained from patients with both juvenile and 
adult-onset HD, and pathologic-grade dependent reductions in 
numbers of mitochondria in HD postmortem brain tissue and in 
striatal cells [14]. Mitochondrial respiration and ATP production 
are significantly impaired in mice models [15].

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s 
disease, in Canada and the U.S., and as motor neurone disease (MND) 
in the UK and Australia, is a neurodegenerative neuromuscular 
disease that results in the progressive loss of motor neurons that 
control voluntary muscles. It is the most common type of motor 
neuron disease. Mitochondrial dysfunction has been implicated 
as playing a role in motor neuron death in ALS. Fragmentation 
of mitochondria and changes in mitochondrial morphology and 
expression of fusion/fission proteins are well described in ALS 
and have pronounced effects on normal mitochondrial function 
[16]. Accumulation of abnormal mitochondria in motor neuron 
axons seen in animal models of ALS and also in human patients 
might be due to defective mitochondrial transport.  Aberrations in 
oxidative metabolism linked to changes in electron transport chain 
(ETC) activity and impaired ATP production was shown in cell 
culture models and in transgenic animals [17-20].  Impaired Ca2+ 
homeostasis and an increased production of reactive oxygen species 
(ROS) which is associated with oxidative-related damage including 

changes in protein carbonylates and tyrosine nitration are seen 
in  mitochondria from ALS [21,22]. Glutamate-receptor mediated 
neurotoxicity has been linked to an overload of mitochondrial 
calcium and ROS production in cultured spinal motor neurons 
from transgenic ALS animals [23]. Today medical literature is 
documenting mitochondrial dysfunction and impaired dynamics 
are a central and common feature of the pathogenesis in ALS. 
Inspite of all studies we reviewed, we cannot judge  if mitochondrial 
dysfunction is a primary or secondary process in ALS. Mutant SOD1 
in animal models, typically display a phenotype that resembles ALS 
and demonstrate most of the histopathological and biochemical 
features and also the symptoms of the human disease. 

Neurodegeneration secondary to mitochondrial DNA 
mutations and peroxisome dysfunction 

Mitochondria are characterized by their own DNA (mtDNA). 
Thirteen out of the 92 polypeptides of the OXPHOS system are 
encoded in mtDNA ,the remaining structural polypeptides and 
assembly factors are encoded by nuclear DNA. Dysfunction of 
OXPHOS  can be due to mutations in either mtDNA or nuclear DNA. 
This type of cellular dysfunction is well known to affect  tissues 
with high energy demands such as the heart ,central nervous 
system, and skeletal muscle. Aging  related changes are thought 
to be through the accumulation of mtDNA mutations and net 
production of ROS. Mitochondrial DNA mutations, mitochondrial 
abnormalities, and mitochondrial respiratory chain-deficient cells 
are also present in age-related neurodegenerative diseases such 
as PD and AD [24-29]. Peroxisome proliferator-activated receptor 
(PPAR) gamma coactivator (PGC)-1 alpha is a transcriptional 
coactivator has wide spread role in cellular vital events. It  interacts 
with a broad range of transcription factors involved in a wide 
variety of biological processes and/or responses. Its vital functions 
include  mitochondrial biogenesis, OXPHOS, antioxidant defense, 
adaptive thermogenesis, glucose/fatty acid metabolism, fiber type 
switching in skeletal muscle, and heart development [30,31]. Recent 
literature in the subject confirm the pathologic role  of  PGC-1 alpha 
expression and/or function impairment as a common underlying 
cause of mitochondrial dysfunction in neurodegenerative diseases 
such as HD, PD, and AD.

Mitochondrial dysfunction in atherosclerosis
Coronary heart disease still rank number one killer of all 

world nations. Inspite of the explosive scientific advances of the 
20th century and after, it is now conspicuous that sincere call 
for wisdom with new basic understanding of coronary heart 
disease, is highly needed [10,32]. Recent medical literature 
have shown that mitochondrial dysfunction contributing to  
ND disorders-discussed earlier-  with specific derangement 
is also contributor to atherosclerosis in human. Many studies 
suggested that mitochondrial K+ channels have an important 
role in cardioprotection. The mechanism of cardioprotection, 
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though unclear, may involve mild uncoupling of the mitochondrial 
membrane potential causing Ca2+ overload and ROS generation.

Mitochondrial DNA Damage in atherosclerosis

The human mtDNA is a 16,569-bp circular double-stranded 
molecule, which attaches to the IMM. The mtDNA encodes 37 
genes, including 13 proteins, 2 ribosomal RNA (rRNA), and 22 
transfer RNA (tRNA). These 13 proteins are subunits of respiratory 
complexes I, III, IV, and V with essential roles in oxidative 
phosphorylation (OXPHOS). The mtDNA-derived rRNA and tRNA 
are required for protein synthesis in the mitochondria. The mtDNA 
owns no defense against damage [33]. This is due to the fact that 
mtDNA lack of introns and histone protection as well as absence 
of  effective DNA damage repair system. Mitochondrial DNA 
located in close proximity to ROS production site. Accordingly, it 
can be attacked easily by ROS. Proofreading capability is lacking 
in the DNA polymerase of mitochondria, leading to a high error 
rate during the replication of mtDNA. In addition, the mtDNA is 
continuously undergoing synthesis in the entire cycle, leading to 
poor stability and susceptibility to external interaction. Those 
factors collectively will lead to  high mutation rates in mtDNA 
[34,35]. Mutations of the mtDNA will result in reduction of the 
formation of transmembrane proton electrochemical gradient, the 
synthesis of ATP energy species, and the ability of cells to maintain 
ATP/ADP ratios with reduction of ATP biosynthesis. Mitochondrial 
gene mutations and cardiovascular disease has been shown to 
be closely related to hypertension, primary cardiomyopathy, 
atrial fibrillation, heart failure, erogenesis, and atherosclerosis 
by regulating systemic metabolism inflammation, proliferation, 
and apoptosis [36]. The mitochondrial dysfunction causes a short 
opening of mitochondrial permeability transition pore (MPTP) and 
depolarization of mitochondrial membrane potential. MPTP was 
originally discovered by Haworth and Hunter in 1979. It is a  protein 
that is formed in the inner membrane of the mitochondria under 
certain pathological conditions. MPTP opening allows increase in 
the permeability of the mitochondrial membranes to molecules of 
less than 1500 Daltons in molecular weight. The prolonged opening 
of the MPTP leads to the expansion of mitochondrial matrix and 
rupture of the outer membrane. This process results in the release 
of pro-apoptotic factors in the membrane gap and cell apoptosis 
[37]. Impaired mitochondrial function, is a casual factor leading to 
abnormal proliferation of vascular smooth muscle cells (VSMCs) 
and excessive apoptosis and release of inflammatory factors. These 
phenomena promoted the development of atherosclerosis and 
plaque vulnerability [38].

Reactive oxygen species (ROS) and atherosclerosis

The main way of cellular energy production is through the 
mitochondrial respiratory chain. In physiological environment , the 
respiratory chain is efficient using over 98% of the electron transport 
for ATP synthesis. The remaining 1–2% of electrons are released to 

generate superoxide radical, such as intracellular ROS . In general, 
ROS is essential for cellular function, and excess ROS is cleared by 
antioxidant defense.  Physiological level of superoxide is produced 
by OXPHOS of the mitochondria which is converted to hydrogen 
peroxide by the enzyme manganese-dependent superoxide 
dismutase (SOD2) followed by another enzyme, glutathione 
peroxidase 1 (GPx1) into water [39]. Under pathophysiological 
conditions, chronic and acute overproduction of ROS is released 
from different sources, such as xanthine oxidase, lipoxygenase, 
and nicotinamide adenine dinucleotide phosphate oxidase, and the 
uncoupling of nitric oxide (NO) synthase, especially the leakage of 
electrons at complex I and complex III during OXPHOS [40]. ‘‘ROS-
induced ROS’’ Is the description given to the production of large 
amount of ROS from mitochondria induced by defective adjacent 
mitochondria. Physiologically excessive ROS production  will 
stimulate positive feedback mechanism which in turn amplify the 
ROS signal and further induces mitochondria and cell dysfunction. 
Antioxidants, such as glutathione, carotenoids, catalase, and 
glutathione peroxidase will counteract excessive ROS production. 
When this balance is destroyed, the oxidative modification in the 
arterial wall is increased [41]. These phenomena are associated 
with increased mitochondrial ROS and the progression of 
atherosclerosis [42] Mitochondrion-derived ROS act as signal 
transduction molecules, and they trigger the upregulation of 
inflammatory cytokine subpopulations through different molecular 
pathways [41]. Excessive production of ROS will result in DNA 
fragmentation and monocytes apoptosis in normocholesterolemic 
old mice .This denotes that increased ROS promoted the aggravation 
of age-related atherosclerosis [43]. Poly (ADPribose) polymerase 
1 (PARP1) production is enhanced by ROS, which led to excessive 
DNA damage and death of VSMCs and vascular endothelial cells 
(VECs) [44]. Besides, the impaired mitochondrial electron transport 
chain results in the overproduction of ROS, which leads to the 
oxidation of lipids and proteins and extensive cellular damage. This 
enhanced ROS production induces endothelial dysfunction and 
vascular inflammation, in the arterial wall, which contribute to the 
formation of initial lesions and their maturation of late plaques and 
possibly progression to plaque rupture. Given the critical role of 
ROS in the pathogenesis of atherosclerosis, the effective removal of 
ROS may be an efficient measure for the prevention and treatment 
of atherosclerosis. A systemic administration of mitochondria-
targeted antioxidant Mitoquinone (MitoQ) reduced atherosclerotic 
lesion macrophage accumulation and Smooth Muscle Cell 
proliferation in fat-fed Apolipoprotein E (APOE) mice [45]. ApoE is 
the principal cholesterol carrier in the brain. However, vit E was not 
found to be effective to prevent coronary heart disease. In addition, 
other antioxidants, such as Glutaredoxin-2a and SOD1/3, have no 
obvious effect in reducing atherosclerotic lesions [46]. The role 
of antioxidants in atherosclerosis is still controversial and needs 
to be more investigated. Specific cellular pathways to interfere 
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with atherosclerosis in humans will be the subject of upcoming 
discussion in this research article.

Atherosclerosis, and mitochondria related endothelial 
dysfunction

 Vascular homeostasis is the role of the endothelium. 
Endothelial cells are doing this through  regulating vasodilation, 
platelet activation, leukocyte adhesion, and smooth muscle cell 
proliferation and migration.  Endothelial dysfunction is the earliest 
pathophysiological change of atherosclerosis, the whole mark of 
which is reduction of NO synthesis and secretion [47,48].  Endothelial 
NO plays an important anti-inflammatory and antithrombotic role 
through prevention of the expression of endothelial cell adhesion 
molecules and chemokines , and inhibition of platelet activation 
and aggregation [49]. Endothelial nitric oxide synthase(eNOS) 
catalyze the conversion of  L-arginine into L-citrulline to yield 
NO. NO biosynthesis demands the availability  of NADPH, flavin 
mononucleotide, flavin adenine dinucleotide, tetrahydrobiopterin, 
and Ca2+/calmodulin [48,49]. Endothelial nitric oxide synthase 
(eNOS) degradation due to  ROS-mediated oxidative stress, is the 
main reason for reduction of NO production. More ROS is produced 
by eNOS decoupling dysfunction, resulting in more damage of 
endothelial function a process which ultimately, promoting the 
development of atherosclerosis [50]. The mitochondria play a 
key role in Extra Cellular  function as factors that cause several 
processes such as nitric acid production, apoptosis, and intracellular 
signaling. Extra Cellular senescence, apoptosis, and development of 
atherosclerosis are all sequel of Excessive ROS production [41,51]. 
Endothelial cell dysfunction with mitochondrial damage and 
dysfunction precedes the development of cardiovascular disease 
[52].  Activated neutrophils is shown to  accumulate  in areas of 
endothelial injury and generated large amounts of ROS during the 
process of atherosclerosis and ischemic injury [53,54]. ROS bind 
to NO to yield peroxynitrite (ONOO-). Peroxynitrite is an oxidant 
and nitrating agent. Due to  its oxidizing properties, peroxynitrite 
can damage a wide array of molecules in cells, including DNA and 
proteins. Peroxynitrite inhibits mitochondrial protein synthesis 
in a dose-dependent manner and results in decreased cellular 
ATP levels and mitochondrial reduction [55]. Peroxynitrite affect 
the uncoupling of eNOS leading to O2 to generation but NO is not 
synthesized any more. On the other hand, ROS promote eNOS 
uncoupling a process that will lead to more ROS production in a 
vicious cycle manner that will end up with profound damage to 
mitochondria endothelial function [56].

Peroxisome and mitochondrial dysfunction

Peroxisomes are oxidative organelles that owe their name to 
hydrogen peroxide generating and scavenging activities. Studies 
have shown that Peroxisome proliferator-activated receptor (PPAR) 
gamma coactivator (PGC)-1 alpha is- as pointed earlier- clearly  a 

key regulator of mitochondrial biosynthesis. The mitochondrial 
transcript factor A and transcription factor B, which regulate the 
expression of genes encoded by mtDNA, including the essential 
subunits of the electron transport chain, is activated by  PGC-1alpha 
[57]. PGC-1 alpha restores the function of NO and significantly 
inhibits the damage of endothelium-dependent vasodilatation 
induced by oxidized fatty acids. Accordingly, PGC-1alpha restored 
endothelial cell fatty acid oxidization, leading to  increase ATP 
synthesis [58]. This will result in normalization of mitochondrial 
membrane potential and ROS production. The overexpression 
of PGC-1alpha under shear stress promotes NO production and 
mitochondrial biogenesis, while NO and PGC-1alpha independently 
counteract ROS production, thereby limiting endothelial 
dysfunction. Oxidized LDL promotes inflammation, but PGC-1alpha 
blocks oxidized LDL from entering the cells, and accordingly prevent 
inflammation pathways activation. PGC-1a also regulates vascular 
endothelial growth factor-1 expression and stimulates angiogenesis 
[48]. The inhibition of the expression of PGC-1 alpha significantly 
decreases mitochondrial biosynthesis in vascular endothelial cells. 
ApoE -/- PGC-1a -/- mice showed increased inflammatory factor 
expression [59]. Therefore, the overexpression of PGC-1alpha 
prevents apoptosis, restricts inflammatory activation, prevents c- 
Jun N-terminal kinase activation, and increases NO bioavailability 
[57]. c- Jun N-terminal kinase  belongs to the mitogen-activated 
protein kinase family, and are responsive to stress stimuli, such as 
cytokines, ultraviolet irradiation, heat shock, and osmotic shock.  
Increasing the expression of PGC-1alpha in vascular endothelial 
cells or ATP/ADP translocating enzyme activity may prevent or treat 
atherosclerosis. The percentage of mitochondria from cytoplasm 
volume is cell type specific. Endothelial cells have mitochondrial 
content of only 2–6% of the cytoplasm volume, compared to the 
blood–brain barrier  mitochondrial content which may reach 
8– 11% [60]. In addition to  mitochondrial critical role as energy 
plant and reservoir, it orchestrate sensing function of  blood oxygen 
levels and transmit information to cardiomyocytes and regulate 
NO-mediated vasodilation [61,62].

Vascular smooth muscle cells(VSMCs) and Mitochondrial 
dynamics

VSMCs are the main components of the blood vessel wall 
as well as plaques. In physiological conditions, VSMCs regulate 
blood flow and pressure by regulating blood vessel tension with 
contractile phenotype [63]. A series of contractile proteins, such 
as SM a-actin (SMaA), SM-22a, SM myosin heavy chains SM-1 and 
SM-2, calponin, and smoothelin are expressed by these contractile 
cells.  The phenotype will change from contractile to synthetic 
under mechanical damage or biostimulation in a process called 
dedifferentiation. Synthetic VSMCs downregulate contractile 
protein expression, increase proliferation, and remodel extracellular 
matrix (ECM) to promote migration. These phenomena lead to 
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functional disorders, thickening of the wall, narrowing of lumen, 
decreased vascular compliance, and vascular remodeling, with 
exacerbation of atherosclerosis (63). VSMCs differentiation status 
changes contribute to the pathogenesis of various cardiovascular 
diseases, such as atherosclerosis, hypertension, and vascular 
stenosis. Defective mitochondria with impaired OXPHOS is 
well known pathological finding of SMCs isolated from human 
atherosclerotic lesions [64,65]. Damaged VSMCs’ nuclear DNA and 
mtDNA in atherosclerotic patients demands higher  amount of ATP, 
active substances, and oxygen-free radicals. This phenomenon 
will exacerbate more DNA damage, genomic instability, and 
mitochondrial dysfunction.

Macrophage activation and mitochondrial dysfunction

Macrophages are the most abundant cell type in atherosclerotic 
Plque and known to be critical for atherosclerotic process 
progression. Macrophage has striking plasticity as it bears a 
polarized phenotype with specific functional characteristic 
responses to local microenvironmental stimuli, [66]. Macrophages 
are subdivided into M1 which is classically activated  macrophages 
and M2 which is alternatively activated macrophages. M1 
macrophages enhance inflammation, while M2 macrophages is 
known to halt inflammation and repair tissue damage. Compared 
with M1macrophages, M2 macrophages showed lower cholesterol 
uptake and lipid accumulation [67,68] Atherosclerosis is a 
pathological process characterized by chronic inflammatory 
reactions, and its development is always accompanied by an 
inflammatory reaction. Several other macrophage subpopulations 
were also observed in atherosclerotic plaques.  During 
atherosclerotic process, both M1 and M2 macrophage numbers 
are increasing and mainly distributed at the fibrous cap region. 
M1 macrophage is the major macrophage subtype in unstable 
human plaques with large lipid core, whereas M2 is abundantly 
found in stable plaques. A therosclerotic plaque progression and 
instability is affected by the dynamics of macrophage polarization 
and the proportion of these macrophages. Mitochondrial oxidative 
metabolism contributed to macrophage alternative activation 
while glycolysis is the main energy source of M1 macrophages, 
whereas mitochondrial OXPHOS is the major energy source of M2 
macrophages [70]. M1 activation inhibits mitochondrial function 
and reduces mitochondrial oxygen consumption, indicating 
mitochondrial dysfunction in M1 cells. Mitochondrial function 
is required for the induction and maintenance of M2 phenotype 
[71]. Macrophage mitochondrial ROS above physiological levels 
can induce its polarization to M1. M1 macrophages have strong 
phagocytosis and bactericidal capacity and can produce a large 
number of proinflammatory cytokines, such as TNF, IL-1, IL-6, IL-
12, IL-18, IL-23, and Nitrous Oxide Systems(NOS) (72). Moreover, 
damaged mtDNA binds to NLR family pyrin domain containing 
3 (NLRP3) to form a complex and is associated with apoptosis-

associated speck-like protein (ASC). Then, the damaged mtDNA 
binds to caspase-1 precursor and forms an inflammasome(which 
is cytosolic multiprotein oligomers of the innate immune system 
responsible for the activation of inflammatory response), and 
this process promotes the production of mitochondrial ROS. 
Thus, inflammatory factors are secreted, and the initiation and 
progression of atherosclerosis is promoted. A unique macrophage 
phenotype Mhem, a hemoglobin driven macrophage phenotype, 
is found in the area of hemorrhage in human atherosclerotic 
plaques, which limits the progression of atherosclerotic lesions 
by increasing HO-1 expression, inhibiting inflammation, and 
increasing the secretion of IL-10 [73]. As a matter of fact, the 
mechanisms controlling the generation of these different subtypes, 
together with their bioenergetics and metabolic profiles, are poorly 
understood [33].

Towards Innovative Therapies for Mitochondrial 
Dysfunction in Atherosclerosis and Neurodegener-
ative Diseases

Alabdulgader, K.McCully  SAHACT nutritional-metabolic 
protocol to combat mitochondrial dysfunction

The discovery of abnormal homocysteine metabolism in arte-
riosclerosis in 1969 and in cancer in 1976 suggests a novel approach 
to prevention and treatment of these important degenerative dis-
eases of aging in susceptible populations [74]. Since publication of 
these discoveries, recent new insights into the function of homocys-
teine in cellular metabolism have pointed to the importance of nu-
tritional and metabolic abnormalities of homocysteine metabolism 
in causing arteriosclerosis and degenerative diseases. Obstruction 
of vasa vasorum by aggregates of microorganisms with homocys-
teinylated low-density lipoproteins is proposed to cause ischemia 
of arterial wall and a micro abscess of the intima, the vulnerable 
atherosclerotic plaque [74]. Experimental work by Kimer McCully 
and others  demonstrate excitotoxicity, apoptosis, and mitochondri-
al oxidative stress induced by homocysteine. Those  results support 
excitotoxicity induced by homocysteine as an important factor in 
the apoptosis observed in atherogenesis and the neuronal necrosis 
observed in neurodegenerative diseases, including dementia [75], 
schizophrenia [76], cognitive decline [77], and multiple sclerosis 
[78]. An innovative protocol based on these discoveries has been 
adopted by our team pioneered by  the father of homocystein the-
ory in modern medicine, Kilmer McCully in the multicenter met-
abolic nutritional project known as: Saudi Arabia Homocysteine 
Arteriosclerosis Cancer Trial (SAHACT). The expected results of 
the SAHACT trial will demonstrate the efficacy of the nutrition-
al-metabolic approach to control of degenerative diseases of ag-
ing, in direct comparison with current methods. The SAHACT trial 
utilizes an innovative approach to control of the most important 
diseases of aging populations in Saudi Arabia and other countries. 
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The strategic technologies addressed in the SAHACT trial relate 
to new understanding of the abnormal homocysteine metabolism 
underlying degenerative diseases. Novel therapeutic molecules 
which target mitochondrial function and excessive ROS production 
implicated in the progression of atherosclerosis, are immediately 
needed for the wellbeing of human medical communities in this 
era. The tracks of  new technologies include catabolism of homo-
cysteinylated macromolecules, biosynthesis of thioretinaco from 
retinol, thioretinamide and cobalamin, catabolism of homocysteine 
by cystathionine synthase, formation of transthyretin from essen-
tial amino acids, control of homocysteine metabolism by beneficial 
dietary fats and proteins, and antibiotics to control associated in-
fections. New understanding of the importance of retinol (vitamin 
A), ascorbate (vitamin C), and homocysteine thiolactone in the 
biosynthesis of thioretinamide and thioretinaco by cystathionine 
synthase suggests a promising method for control of abnormal 
homocysteine metabolism in human subjects with arteriosclerosis 
and neurodegeneration. The recent advances and knowledge of mi-
tochondrial functions and dysfunctions were incorporated intelli-
gently in our protocol. The efficacy of pancreatic enzyme therapy of 
cancer is interpreted as a promising method for promoting catab-
olism of macromolecules, specifically proteins, nucleic acids, and 
glycosaminoglycans that contain excess homocysteine groups re-
sulting from abnormal accumulation of homocysteine thiolactone 
in aging, atherogenesis ,carcinogenesis and neurodegenerative 
disorders. Dietary deficiencies of nitriloside (vitamin B17), folate 
(vitamin B9), pyridoxal (vitamin B6), and cobalamin (vitamin B12) 
contribute to abnormal homocysteine metabolism in degenerative 
diseases. Dietary deficiency of proteins containing sulfur amino 
acids down-regulates cystathionine synthase, causing abnormal 
homocysteine metabolism and increased risk of cardiovascular dis-
ease. Infections by a variety of micro-organisms promote abnormal 
homocysteine metabolism in atherogenesis , and carcinogenesis, 
leading to creation of vulnerable plaques of arteries and dysplastic 
transformation of susceptible cells of various organs. Neurodegen-
eration is thought to occur due to similar metabolic derangement. 
Our protocol to combat hyperhomocysteinemia and subsequent 
mitochondrial dysfunction includes, thioretinamide, and cobalamin 
as precursors of thioretinaco, combined with pancreatic enzyme 
extracts, nutritional modification to eliminate processed foods and 
to enhance dietary consumption of nitrilosides and other vitamins, 
and combined with vitamin supplements, essential amino acids, 
beneficial dietary fats,  beneficial dietary protein, and antibiotics 
to combat chronic infections.  The nutritional-metabolic concept of 
our protocol in SAHACT is adopting intelligent scientific directions 
incorporating the human cellular pathways in health and disease 
to combat the pathological process of degenerative disorders, most 
importantly atherosclerosis and neurodegeneration and cancer. 
The role of mitochondrial dysfunction in aging and degenerative 

diseases is key to our understanding of the SAHACT protocol [79]. 
It is based on the understanding of the function of thioretinamide, 
thioretinaco, and thioretinaco ozonide in the metabolic origin of de-
generative diseases, including arteriosclerosis, dementia and other 
neurodegenerative diseases ,stroke, acute coronary syndrome, can-
cer, , autoimmune diseases such as ulcerative colitis, lupus erythe-
matosus, thyroiditis, rheumatoid arthritis and pernicious anaemia, 
osteoporosis and fracture, venous thrombosis and embolism, reti-
nal vein thrombosis, macular degeneration, hypothyroidism, accel-
erated aging, renal failure and uremia, diabetes mellitus, metabolic 
syndrome, severe psoriasis, organ transplantation with therapeu-
tic immune suppression, protein energy malnutrition, familial or 
spontaneous amyloidosis, dietary deficiencies of folate, pyridoxal, 
and cobalamin, complications of pregnancy such as placenta previa 
and pre-eclampsia, and congenital birth defects including neural 
tube defects, cleft palate, and congenital heart disease. In each of 
these degenerative diseases and conditions, abnormal homocys-
teine metabolism has been demonstrated by an increased level of 
homocysteine bound to plasma proteins by disulphide bonds. The 
efficacy of this novel nutritional-metabolic approach to prevention 
and therapy of the important degenerative diseases is rising sun in 
the horizon. Our innovative protocol carries the optimism of ame-
liorating and/or  aborting the process of atherosclerosis and neuro-
degeneration in human species.

Other mitochondrial dysfunction innovative therapies

Beside our  nutritional-metabolic therapeutic approach of 
human degenerative disorders ,other  therapeutic interventions 
are emerging in the last few years, including: dietary changes, 
exercise and medications which target the mechanisms of oxidative 
stress, inflammation, cardiac hypertrophy, fibrosis and apoptosis 
[80]. An important consideration in this direction is to understand 
that common cellular pathways in disease initiation, progression 
and treatment are common between different degenerative 
mitochondrial dysfunctions disorders. Hence, specific research in 
one disease pathology does not deny careful extrapolation of  the 
rapeutic options in clinical trials based on the common potential 
pathogenicity, namely, the mitochondrial dysfunction. Survival 
benefit in patients with heart failure has been shown with daily 
administration of 2 gr of L-carnitine [81]. Daily administration of  
9 g L-carnitine for a period of 3 months resulted in improvement 
of  mild diastolic dysfunction [82]. Cardiac remodeling is suggested 
to occur due to administration of L-carnitine through decreased 
ROS production [83]. Polyphenols such as flavolons, theaflavin 
and epicatechin present in  natural sources such as grape, green 
tea, olive oil and dark chocolate are known to have  important 
anti-oxidant actions against several chronic diseases including 
cardiovascular disease [84-86]. For example, quercetin decreases 
the levels of superoxide and increases urinary excretion of nitrate, 
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endothelial NO synthase activity and heme oxygenase-1 protein 
which has anti-oxidant actions [87]. Moreover, polyphenols of olive 
oil and red grape reduce intracellular ROS levels [88] whereas 
epicatechin of green tea lowers the expression of pro-inflammatory 
molecules [89]. CoQ10 - present in the inner mitochondrial 
membrane and is important for the production of ATP- possesses 
anti-thrombotic and anti-oxidant actions and improves 
hypertension and hyperglycemia [90]. Administration of CoQ10  
improved endothelial function and decreased cardiac hypertrophy 
in hypertensive rats [91]. Supplementation of 100 mg daily CoQ10 
for 30 days was found to  treat one of the most devastating side 
effects of statins, that is muscle pain [92]. CoQ10 is considered  
good therapeutic option for  the treatment of mitochondrial 
dysfunction in humans and can be administrated alone or along 
with other medications against hypertension and HF although 
its properties are not fully elucidated in ischemic heart disease 
[93]. In order to selectively target mitochondria , conjugation to 
lipophilic molecules is practiced.  MitoQ10 improves endothelial 
NO bioavailability and induce systolic blood pressure reduction 
by approximately 25mm Hg over the 8 week MitoQ 10 treatment 
period  in a model of spontaneously hypertensive rats [91]. 
MitoQ10 treatment with losartan has revealed beneficial actions 
against target organ damage development in hypertension [94]. 
Endogenous inorganic superoxide dismutase (SOD) activity can be 
mimicked by synthetized molecules such as EUK-8 and EUK-13and 
have displayed direct mitochondrial anti-oxidant actions against 
ischemic reperfusion injury [95]. Aerobic exercise was found to 
increases the production of NO, lowers the levels of superoxide 
and hydrogen peroxide and improves endogenous enzymatic 
anti-oxidant systems [96,97]. Aerobic exercise reduces blood 
pressure in comprehensive modality where systolic and diastolic 
blood pressure in hypertensive subjects  are both reduced in clear 
comparative  advantage over isometric exercise which affects only 
systolic blood pressure [98,99]. Stimulation of NAD+ biosynthetic 
pathway which increases protein deacetylation through Silent 
information regulator 1(SIRT1) [100]. Treatment with the NAD+ 
precursor nicotinamide mononucleotide (NMN) has indicated 
normalization of NAD+/NADH ratio and protection against diet  or 
age induced diabetes [101]. Silent information regulator 1 (SIRT1) 
exerts neuroprotection in many neurodegenerative diseases. 
Peroxisome proliferator-activated receptor gamma( PPAR gamma) 
coactivator 1 alpha (PGC-1α) plays a critical role as a metabolic 
sensor, which is responsible for the fine-tuning of transcriptional 
responses to a plethora of stimuli. Activation of  SIRT-1-PGC1α 
signaling by resveratrol( present in grapes, blueberries, raspberries, 
mulberries, and peanuts) improves mitochondrial biogenesis [102]. 
Resveratrol hindered the progression to diabetic cardiomyopathy 
in animal models [103].

Edaravone which was proved to treat stroke and ALS  in Japan, 

is a novel free radical scavenger which was found useful to reduce 
pressure overload induced left ventricular hypertrophy in mice 
through inhibition of Apoptosis Signal regulating Kinase1(Ask1) 
and its downstream kinases [104] and  to reduce perivascular and 
intermuscular fibrosis and improved cardiac hypertrophy even 
when treatment was initiated after the onset of cardiac hypertrophy 
[105]. Elamipretide (SS-31) is a novel, water-soluble tetrapeptide 
which enhances mitochondrial energy production. Elamipretide 
binds selectively to cardiolipin and preserves the structure 
of mitochondrial cristae(which is the main site of oxidative 
phosphorylation), and the function of oxidative phosphorylation as 
a whole [106].

Mitochondrial nanomedicine: the future

Nanotechnology and the recent development of  nano 
particles(NP-based strategies) with its inherent nature to deal 
with nano size particle carries major hope to dynamite the 
relatively stagnant therapeutics of subcellular delicate structures 
like mitochondria and its associated dysfunctional disorders. 
In our perspective, It is the golden choice for the future dream 
of personalized  “precision medicine”. Early advances although 
promising and encouraging, however, careful examinations of 
targeting properties of nanomaterials need to be critically explored 
to take advantage of these unique materials and their properties 
for subcellular targeting. An example of the workers in the field, 
Ru Wen et al. in unique paper on nano medicine and mitochondrial 
novel therapeutic strategies elaborate extensively in different nano 
approaches. They document that confocal microscopy imaging of 
targeted and non-targeted NP treated cells indicated significantly 
higher association of targeted NPs with the mitochondria of cells 
whereas the non-targeted NPs were mainly found scattered in the 
cytosol. The versatility of these NPs was demonstrated by delivering 
a variety of mitochondria-acting therapeutics, such as, curcumin, 
mitochondrial decoupler 2,4-dinitrophenol (2,4-DNP) as an anti-
obesity drug, LND, and α-TOS. A significant increase in the potency 
was observed by directing these therapeutics to the mitochondria 
[107]. Fluorescence imaging is the evaluating tool for  targeting 
abilities, for most experiments now adyas. Interpretation of  
mitochondrial association properties of such nano delivery vehicles 
must be interpreted with caution considering the limitations. 
Multiple complementary techniques needs to be developed to 
understand the association properties of delivery vehicles with the 
mitochondria.

Conclusion
The science of mitochondrial dysfunction is representing new 

era of scientific understanding of the deep roots of wide array of 
human diseases. In the last two decades, the medical literature 
witnessed the growth of new knowledge of mitochondrial 
dysfunction as precursore for human degenerative diseases, most 
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importantly ;atherosclerosis and neurodegeneration. Most central 
pathological feature of the neurodegenerative diseases is apoptosis 
with altered signaling of the apoptotic mechanisms are involved 
in neurodegeneration. Critical pathologic feature of mitochondrial 
dysfunction in neurodegeneration  is the excess in reactive 
oxygen species (ROS) production. Raised ROS levels initiates 
cascade of events leading to the non-apoptotic death of cells. ROS 
produced in cells acts as signaling molecules, but when produced 
in abundance will result in decreased effectiveness of cellular 
mechanisms, initiation of inflammatory pathways, excitotoxicity, 
protein agglomeration and apoptosis. Mitochondrial dysfunction is 
precursor for atherosclerosis due to mitochondrial DNA damage, 
defective oxygen phosphorylation with abundance of ROS, 
endothelial dysfunction, vascular smooth muscle cells abnormality 
as well as macrophage activation. The importance of homocysteine 
in vascular function, arteriosclerosis and neurodegeneration is 
discussed. Preserving efficient mitochondrial function has been 
proposed  as the most effective therapeutic approach to attenuate 
the pathogenesis of neurodegenerative diseases , atherosclerosis 
and other degenerative disorders in human. An innovative unique 
approach (based on homocysteine theory)targeting mitochondrial 
apoptotic pathways and oxidative phosphorylation defects and 
other vital mitochondrial dysfunction consequences is discussed. 
Nanotechnology and the recent development of  nano particles(NP-
based strategies) with its inherent nature to deal with nano size 
particle carries major hope to dynamite the relatively stagnant 
therapeutics of subcellular delicate structures like mitochondria 
and its associated dysfunctional disorders. Those innovations are 
carrying new will toward ameliorating and/or aborting the process 
of atherosclerosis and neurodegeneration in human species.  
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