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Abstract:

Growing evidence suggests that mitochondrial
malfunction plays a crucial role in the
pathophysiology of cardiovascular illnesses (CVDs),
such as myocardial infarction, ischemia-reperfusion
injury, heart failure, atherosclerosis, and cardiac
hypertrophy. Disruption  of  mitochondrial
homeostasis has a significant impact on cardiac
function because the myocardium depends heavily
on mitochondrial ATP generation. The mechanistic
role of mitochondrial dysfunction in cardiovascular
disecase was assessed by a narrative review of the
available experimental and clinical literature.
Changes in oxidative phosphorylation (OXPHOS),
reactive oxygen species (ROS) production,
mitochondrial biogenesis, mitophagy, metabolic
remodeling, and ferroptosis were the subject of the
studies that were reviewed. Cardiomyocyte damage
and vascular dysfunction are caused by impaired
mitochondrial ATP synthesis, overproduction of
ROS, mitochondrial DNA damage, and faulty
mitophagy. Myocardial damage is worsened in
ischemia-reperfusion injury by calcium overload
and the opening of the mitochondrial permeability
transition pore (MPTP). Decreased complex I
activity and inhibition of the PGC-la regulatory
axis restrict mitochondrial biogenesis and metabolic
flexibility in heart failure. Mitochondrial oxidative
stress contributes to endothelial dysfunction,
macrophage  metabolic  reprogramming, and
ferroptosis-mediated plaque growth in
atherosclerosis. Pathologic cardiac hypertrophy is
also  driven by  persistent  mitochondrial

abnormalities.Bioenergetic failure; oxidative stress,
metabolic inflexibility, and programmed cell death
are all brought together under a single paradigm of
cardiovascular ~ pathology by  mitochondrial
dysfunction. A promising therapeutic approach for
enhancing cardiovascular outcomes involves
targeting  mitochondrial  pathways via the
modulation of ferroptosis, restoration of redox
balance, and improvement of mitochondrial
biogenesis.
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Cardiovascular diseases, ATP production, Reactive
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I. Introduction:

To sustain continuous contractile activity,
the myocardium uses around 6-30 kg of adenosine
triphosphate (ATP) every day. This ATP's more
than 95% generation inside mitochondria highlights
their important part in cardiac physiology.
Increasing research on mitochondria shows how
absolutely vital their integrity is for maintaining
cardiovascular health . Since mitochondrial
dysfunction has become a major source of the
beginning and progression of cardiovascular
disorders (CVDs), scientists are increasingly
interested in mitochondria-focused treatments .
This malfunction is defined by disturbed
mitochondrial dynamics, decreased ATP production,
and high buildup of reactive oxygen species (ROS).
These developments upset intracellular equilibrium,
lead to cardiomyocyte death, injure endothelial
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cells, and induce vascular remodeling ©
Mitochondrial activity is controlled by coordinated
interactions between nuclear DNA (nDNA) and
mitochondrial DNA (mtDNA). Oxidative stress may
increase either from mutations in the genome or
from deregulations that reduce OXPHOS efficiency.
Since mitochondria provide the energy needed for
myocardial contraction and relaxation, the buildup
of malfunctioning mitochondria is very important in
the development of CVD ©). Developing targeted
therapeutic strategies relies on knowledge of these
mechanisms . Cardiac energy metabolism is
defined by amino acids, lactate, ketone bodies,
glucose, and fatty acids among other substrates.
Together, glycolysis, the tricarboxylic acid (TCA)
cycle, and electron transport chain (ETC) reactions
produce ATP ©).Glucose breakdown. Mitochondrial
malfunction increases ROS generation and promotes
oxidative stress since they control oxygen use and
cellular respiration .

Cardiovascular Disorders and Mitochondrial
Dysfunction:

Mitochondrial abnormalities are deeply
involved in the multifunctional pathogenesis of
cardiovascular disorders. Approximately one — third
of cardiovascular volume consists of mitochondria,
reflecting the heart’s substantial oxidative demands
®) Mitochondrial dysfunction is highly associated
with disorders like atherosclerosis, hypertension,
cardiomyopathy and ischemic heart disease
© Reduced ATP production, aberrant intracellular
signaling, elevated ROS levels, and deregulated
cellular pathways are all a result of impaired
mitochondrial function. These disruptions result in
maladaptive cell growth, programmed cell death and
inflammatory reactions (10-13) Mitochondrial
biogenesis is tightly regulated by transcriptional
networks. Peroxisome proliferator — activator
receptor gamma co — activator — 1 alpha (PGC - 1a)
functions as a master regulator by stimulating
nuclear respiratory factors (NRF-1 and NRF-2) and
mitochondrial transcription factor A (TFAM),
thereby enhancing mitochondrial gene transcription
and preserving energy equilibrium (9.
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FIGURE 1: Mitochondrial dysfunction — Mediated Cardiomyocyte injury.

Reduced ATP output and the ensuring
energy shortage stem from malfunctioning
cardiomyocyte mitochondria. Insufficient

mitophagy encourages the accumulation of

dysfunctional — mitochondria, = which  worsens
bioenergetic  capability. Higher mitochondrial
reactive oxygen species (ROS) production causes
oxidative stress, which harms cardiomyocytes.
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Emphasizing their possible protective function in
keeping the integrity of cardiac cells, the nuclear
respiratory factors (NRF1/2) are shown to be crucial
controllers of redox homeostasis and mitochondrial
biogenesis.

Ischemia — Reperfusion and Reoxygenation
Injury:

A main cause of both myocardial infarction
(MI) and ischemia — reperfusion injury (IRI) is
mitochondrial dysfunction. The effectiveness of
heart protective actions might vary depending on
age, gender, statin use and comorbidities including
diabetes and metabolic syndrome.ATP depletion
during ischemia stimulate mitochondrial potassium
channels sensitive to ATP, which leads to a brief
release of ROS and a potassium influx. The body

starts defensive cascades that stop the mitochondrial
permeability transition pore (MPTP) from opening
during reperfusion by controlling the generation of
reactive oxygen species (ROS),therefore reducing
tissue damage(!'> Even with developments in therapy
, acute myocardial infarction (AMI) remains a
leading cause of death worldwide, particularly
among older males. Dyslipidemia, diabetes mellitus,
hypertension, on-alcoholic steatohepatitis (NASH),
and other disorders are often connected (%
I Metabolic remodeling following AMI has
revealed encouraging molecular targets. Metformin
demonstrates  cardioprotective  properties by
modulating mitochondrial complex — I activity and
MPTP opening ®. Higher doses have been shown
to stabilize mitochondrial structure, improve
calcium regulation and enhance post — ischemic
myocardial contractility ).
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Figure 2: Mitochondrial mechanisms in ischemia — reperfusion injury.

During ischemia, ATP depletion triggers
moderate reactive oxygen species (ROS) signaling
and activates mitochondrial ATP — sensitive
potassium (mitoKATP) channels, which may block
the opening of the mitochondrial ATP - sensitive
potassium (mitoKATP) channels, which may block
the opening of the mitochondrial permeability
transition pore (MPTP) and promote protective
pathways. Excessive ROS formation and calcium
(ca*) overload during reperfusion cause
mitochondrial dysfunction, MPTP opening and

cardiomyocyte death, which eventually result in
myocardial infarction.

Myocardial Injury and Heart Failure:

A major component in the onset of heart
failure (HF) resulting from MI,IRI,cardiyomyopathy
and arrhythmias is mitochondrial malfunction.HF is
marked by low myocardial performance and poor
cardiac ourput.Defective mitochondrial
bioenergetics is a distinguishing characteristics of
HF that causes oxidative stress , energy loss and
cardiomyocyte loss®*?D Incomplete mitochondrial
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complex [ activity has been linked to the
progression of HF and is also seen in some
neurodegenerative  disorders and  diabegtic
cardiomyopathy®>?» Among HF patients , clinical
data @?**) show major chances in mitochondrial
energy metabolism.Taking 200 mg of coenzyme
Q10 daily may help people with heart failure (HF)
or coronary artery disease (CAD) have better

cardiovascular  outcomes  “¥.Under  normal
physiological circumstances, oxidation of fatty acids
provides 60-90% of cardiac ATP.Pathological
remodeling, however changes substrate preference
towards glucose utilization,therefore boosting
glycolytic activity and inhibiting fatty acid oxidation
to eventually lower metabolic efficiency™.
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FIGURE 3: Mitochondrial dysfunction—driven progression from myocardial injury to heart failure.

Myocardial damage causes structural
degeneration those results in heart failure. Persistent
myocardial ~dysfunction is characterized by
increased reactive oxygen species (ROS) generation
and reduced ATP synthesis, which lead to
cardiomyocyte death and impaired heart function.
Metabolic  changes brought on by these
mitochondrial flaws speed up the course of cardiac
failure. The coenzyme Q10 (CoQ10) treatment’s
mitochondrial — targeted approach is believed to
help to restore redox balance and bioenergetic
capacity, therefore slowing down the course of the
disease.

Atherosclerosis:

Changes in mtDNA and poor mitophagy
lower OXPHOS efficiency and raise ROS
production ©%5? These disorders help endothelial
malfunction, therefore beginning atherosclerotic
plaque development. Atherosclerosis development
depends much on macrophage metabolic

reprogramming®¥.Increased mitochondrial ~ fatty
acid oxidation in endothelial cells subjected to
oxidative stress reduces nitric oxide (NO) synthesis,
therefore aggravating vascular
dysfunction® Oxidative  stress  caused by
mitochondria helps plaque progress, inflammation
and foam cell formation as well as foam cell
development®® Statins and vitamin E among other
antioxidant treatments have shown promise in
lowering oxidative damage and increasing plaque
stability®®3?) New  research  underlines  how
ferroptosis and iron — driven oxidative damage
contribute to atherosclerosis “®.In macrophages ,
iron buildup boosts inflammatory signaling®? but
ferroptosis inhibition lowers lipid peroxidation and
enhances endothelial integrity®®.Other regulatory
chemicals including
PDSS2(D HMOX 1, microRNA-132¢Yand
NRF2®¥strengthen the case for ferroptosis as a
therapeutic target.
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FIGURE 4: Mitochondrial dysfunction—mediated mechanisms in atherosclerosis progression.

Insufficient OXPHOS caused by mutations
in mtDNA and defective mitophagy promotes
greater ROS generation and lower nitric oxide (NO)
bioavailability, therefore promoting endothelial
dysfunction and plaque formation. Macrophages
modify their mitochondrial metabolism, which helps
to foster the generation of foam cells and supports
plaque formation. Ferroptosis is induced by iron
buildup and lipid peroxidation, therefore
accelerating plaque formation. Macrophages modify
their mitochondrial metabolism, which helps to
foster the generation of foam cells and supports
plaque formation. One possible treatment strategy is
to concentrate on redox signaling pathways and
mitochondrial oxidative stress (Eg: statins, vitamin
E and NRF2 activation).

Cardiac Hypertrophy:
Cardiac  hypertrophy and associated
problems 5% are caused by mitochondrial

genomic changes,faulty mitophagy,poor OXPHOS
activity and too much ROS production.Aortic
aneurysm and dissection both have elevated
oxidative stress associated with
them(?.Cardiovascular disease is accelerated by
compromised cellular homeostasis brought on by
mitochondrial malfunction in
cardiomyocytes,vascular smooth muscle cells and
endothelial cells.By down regulating OXPHOS -
related genes,decreased PGC - la expression helps
the development from pressure — overload
hypertrophy to heart failure 7D.In those with
diabetes,these mitochondrial changes have a major
influence on morbidity and mortality7?.
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FIGURE 5: Mitochondrial dysfunction drives cardiac hypertrophy and cardiovascular remodeling.

Elevated ROS synthesis from
mitochondrial ~ genomic  flaws, compromised
mitophagy, and hampered OXPHOS starts cardiac
hypertrophy. Reduced PGC-la expression affects
the regulation of mitochondrial genes, which leads
to multicellular malfunction in endothelial cells,
vascular smooth muscle cells, and cardiomyocytes.
Particularly during times of metabolic stress,
continual pressure overload speeds the onset of heart
failure by increasing the possibility of vascular
problems including aneurysms and dissections.

II.  Discussion:

By  combining  aberrant  oxidative
phosphorylation,  decreased = ATP  synthesis,
increased reactive oxygen species production,
deficient mitophagy, and changes in mitochondrial
biogenesis into a shared framework of cellular
damage and maladaptive remodeling, mitochondrial
dysfunction serves as a vital and unifying
mechanism in the etiology of cardiovascular
diseases. In ischemia-reperfusion injury, the
permeability  transition  pore  opens  and
cardiomyocytes die as a result of mitochondrial ATP
loss and calcium overload; meanwhile, continuous
oxidative stress worsens tissue damage beyond the
initial ischemic damage. Sustained bioenergetic
shortage, lower complex 1 activity, and
downregulation of  transcriptional  networks
mediated by PGC-1alpha all of which contribute to
contractile dysfunction in chronic heart failure.

Although initially compensating, a pathological shift
from fatty acid oxidation to glycolysis ultimately
lowers metabolic efficiency and supports disease
progression. Similarly, oxidative stress originating
in mitochondria decreases the accessibility of nitric
oxide in atherosclerosis, promotes endothelial
dysfunction, and triggers inflammatory activity;
metabolic reprogramming of macrophages and lipid
peroxidation driven by ferroptosis result in plaque
formation and instability. These convergence
mechanisms indicate that mitochondria play a major
role in regulating cell destiny definition,
inflammation, and redox signaling—they have a far
larger range of activities beyond simple energy
generation. Clinical translation of mitochondrial-
targeted treatments in experimental models remains
difficult because of the diversity of diseases and the
variance in metabolic profiles among patients.

III.  Conclusion:

Currently considered a major contributor in
the pathophysiology of cardiovascular disease,
mitochondrial dysfunction unifies bioenergetic
breakdown, redox imbalance, mitophagy disruption,
mitochondrial DNA stability, metabolic
inflexibility, and ferroptotic cell death into one
paradigm  of cardiac  injury.  Disturbing
mitochondrial equilibrium during pressure-overload-
induced hypertrophy, atherosclerosis, heart failure,
ischemia-reperfusion damage, and myocardial
infarction causes lower ATP production, greater
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oxidative stress, and activation of inflammatory and
apoptotic signaling pathways, all of which worsen
the maladaptive remodeling and progression of the
disease. By inhibiting the PGC-la control axis,
metabolic diseases including diabetes worsen
clinical results by reducing mitochondrial biogenesis
and so limiting adaptive ability in response to
pathophysiological stress. Notwithstanding the
promise shown by redox-directed approaches and
mitochondrial-targeted treatments including
bioenergetic modulators, the diversity of the
condition and the absence of a thorough mechanical
solution continue to hamper translational success.
Full mitochondrial biology's potential in therapy
calls for integration with precision cardiology,
biomarker-guided intervention, and systems-level
profiling. By highlighting mitochondria in cardiac
medicine, we might finally cause a major change in
our views on prevention, risk assessment, and
disecase management.
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