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ABSTRACT

Mitochondria are central regulators of cardiomyocyte viability, bioenergetics, and oxidative homeostasis. Drug-
induced cardiotoxicity remains a significant clinical challenge, particularly with the rising use of chemotherapeutics,
antiretrovirals, and targeted biologics. These agents often exert cardiotoxic effects by disrupting mitochondrial
dynamics, impairing oxidative phosphorylation, generating reactive oxygen species (ROS), and triggering apoptosis
or necrosis. This review provides a comprehensive overview of mitochondrial dysregulation as a core mechanism of
drug-induced cardiotoxicity. We examine the molecular pathways linking mitochondrial redox imbalance to
impaired ATP synthesis, cardiomyocyte dysfunction, and cell death. FFurthermore, we explore how mitochondrial
fission/fusion imbalances, calcium overload, and permeability transition pore (mPTP) opening contribute to
structural and functional cardiac damage. The cardiotoxic mechanisms of doxorubicin, trastuzumab, tyrosine kinase
inhibitors, and other pharmacologic agents are discussed with emphasis on their mitochondrial targets. We also
review emerging cardioprotective strategies targeting mitochondrial dysfunction, including antioxidant therapies,
mPTP inhibitors, and mitochondrial biogenesis enhancers. Understanding these mechanisms is vital for developing
predictive biomarkers, refining drug safety, and advancing personalized cardioprotective interventions.

Keywords: Mitochondrial dysfunction, Cardiotoxicity, Reactive oxygen species, Bioenergetics, Apoptosis

INTRODUCTION
Drug-induced cardiotoxicity has emerged as a formidable challenge in modern pharmacotherapy, particularly in
oncology, infectious disease treatment, and chronic disease management [17. While the therapeutic efficacy of
agents such as anthracyclines, targeted biologics, antiretroviral drugs, and tyrosine kinase inhibitors is well
established, their unintended effects on cardiac tissue remain a major concern [27. These adverse effects are
frequently mediated by perturbations in mitochondrial function, a consequence of the heart's unique dependence on
oxidative phosphorylation to meet its high energy demands [27]. The myocardium is a metabolically active tissue
that requires a constant and abundant supply of adenosine triphosphate (ATP) to maintain ionic gradients,
contractile function, and signal transduction [37]. Mitochondria, which constitute approximately 30 percent of the
myocardial cell volume, are therefore central to cardiac performance. However, this reliance renders cardiomyocytes
particularly vulnerable to mitochondrial insults, including those caused by xenobiotics. A growing body of evidence
implicates mitochondrial dysfunction as a key determinant in the pathogenesis of drug-induced cardiomyopathy,
arrhythmogenesis, and heart failure [47]. Mitochondrial damage leads to a cascade of events including excess reactive
oxygen species (ROS) production, impaired oxidative phosphorylation, calcium dyshomeostasis, and the initiation
of intrinsic apoptotic pathways [57. These changes culminate in bioenergetic failure and cardiomyocyte death, which
are hallmark features of cardiotoxicity [57]. Furthermore, these processes often evolve in the absence of early clinical
symptoms, making it imperative to understand the underlying mechanisms for timely diagnosis and intervention.
This review aims to provide a detailed exploration of the mechanisms by which pharmacological agents disrupt
mitochondrial function, focusing specifically on redox imbalance, bioenergetic disruption, and cell death signaling.
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By identifying shared and drug-specific pathways of injury, this paper also highlights emerging therapeutic
strategies to counteract mitochondrial-mediated cardiotoxicity and improve clinical outcomes.
Mitochondrial Biology in the Heart
The heart is an organ of immense metabolic demand, consuming more than six kilograms of ATP daily, most of
which is generated by mitochondrial oxidative phosphorylation [67]. Cardiac mitochondria are responsible for
supplying the continuous energy required for excitation-contraction coupling, ion transport, and biosynthetic
reactions [7]. The functional integrity of mitochondria is maintained by a complex network of interrelated
processes, including mitochondrial dynamics, calcium signaling, and redox balance. Mitochondrial dynamics refer
to the processes of fusion and fission that regulate mitochondrial morphology, distribution, and quality control.
Fusion helps maintain mitochondrial function by diluting damaged components through content mixing, whereas
fission facilitates the removal of dysfunctional mitochondria via mitophagy [87. Disruption of this dynamic balance
has been observed in cardiac pathologies and drug-induced mitochondrial stress, leading to fragmented
mitochondria and reduced energy production [87. Another critical aspect of mitochondrial physiology is calcium
handling. Mitochondria bufter cytosolic calcium and utilize it to regulate key enzymes in the tricarboxylic acid
(TCA) cycle [97]. However, excessive calcium uptake can cause mitochondrial permeability transition pore (mPTP)
opening, leading to membrane potential collapse and the release of pro-apoptotic factors [97. Reactive oxygen
species (ROS), including superoxide anion and hydrogen peroxide, are natural byproducts of the electron transport
chain. Under physiological conditions, mitochondrial antioxidant enzymes such as superoxide dismutase (SOD),
glutathione peroxidase, and catalase maintain ROS at non-toxic levels [107]. When mitochondrial integrity is
compromised, excessive ROS generation overwhelms these defenses, resulting in oxidative damage to lipids,
proteins, and DNA [117. This oxidative stress is a common denominator in cardiotoxicity induced by various drugs.
Mitochondria also communicate with the nucleus through retrograde signaling pathways that influence the
expression of genes involved in metabolism, stress response, and survival. These processes are orchestrated by key
transcriptional regulators such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a),
nuclear respiratory factors (NRFs), and mitochondrial transcription factor A (TFAM) [127]. Dysregulation of these
signaling pathways underlies several forms of acquired mitochondrial dysfunction in drug-treated cardiac tissue.
Redox Imbalance and ROS Generation in Cardiotoxicity
Redox homeostasis is vital for the preservation of cardiomyocyte structure and function. Many cardiotoxic drugs
impair this balance by promoting mitochondrial ROS generation, either through direct interference with the electron
transport chain (ETC) or by inducing mitochondrial DNA (mtDNA) damage that impairs ETC protein synthesis
[187]. Among the most well-characterized examples is doxorubicin, an anthracycline widely used in oncology.
Doxorubicin undergoes redox cycling within mitochondria, producing semiquinone radicals that react with
molecular oxygen to yield superoxide [147]. This initiates a vicious cycle of mitochondrial lipid peroxidation, protein
oxidation, and further impairment of respiratory chain complexes [147]. ROS-mediated damage in cardiomyocytes
extends beyond simple oxidative stress. Oxidative modification of ion channels and contractile proteins compromises
cellular excitability and contractility, contributing to arrhythmias and systolic dysfunction [157]. DNA damage by
ROS can trigger p53 activation and downstream apoptotic signaling [167]. Inflammatory responses are also
activated, exacerbating myocardial injury. Other drugs, such as trastuzumab, interfere with cardioprotective
signaling pathways like the neuregulin-1/ErbB axis, indirectly enhancing susceptibility to mitochondrial oxidative
stress [17]. Tyrosine kinase inhibitors and proteasome inhibitors have been shown to increase ROS levels by
affecting mitochondrial respiration or blocking antioxidant responses [187].
Importantly, the mitochondrial generation of ROS is tightly linked to bioenergetics. When ETC complexes are
partially inhibited, electrons accumulate and leak to oxygen, forming superoxide [197. This compromises proton
gradient formation, ATP synthesis, and overall cellular energy supply. Furthermore, excessive ROS can induce
opening of the mPTP, causing depolarization and eventual collapse of mitochondrial function [207. Overall, redox
imbalance represents an early and sustained mechanism of cardiomyocyte injury in drug-induced cardiotoxicity.
Targeting mitochondrial sources of ROS, reinforcing endogenous antioxidant defenses, and preserving ETC
integrity represent promising avenues for mitigating this damage and preventing clinical deterioration.
Impaired Bioenergetics and ATP Depletion
Bioenergetic integrity is essential for maintaining the contractile function, electrical conductance, and survival of
cardiomyocytes. Drugs that impair mitochondrial function commonly do so by inhibiting components of the electron
transport chain (ETC) or by uncoupling oxidative phosphorylation, ultimately leading to a significant reduction in
ATP synthesis [217. The resultant energy deficit compromises the activity of ATP-dependent ion channels and
pumps, impairs calcium homeostasis, and weakens contractile performance, all of which are detrimental to cardiac
function. One of the most well-documented examples is sunitinib, a tyrosine kinase inhibitor widely used in oncology.
Sunitinib disrupts mitochondrial respiration by impairing the activity of ETC complexes, particularly Complex I
and 11, leading to decreased ATP production and accumulation of metabolic intermediates [227]. Clinically, this
manifests as left ventricular dysfunction and, in some cases, overt heart failure [227]. Another agent, zidovudine
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(AZT), an antiretroviral drug, impairs mitochondrial bioenergetics by inhibiting mitochondrial DNA polymerase
gamma [237. This reduces the replication and expression of mitochondrial DNA, leading to a depletion of ETC
proteins and subsequent respiratory chain dysfunction. Compensatory mechanisms are activated in response to ATP
depletion, notably the upregulation of AMP-activated protein kinase (AMPK), which senses energy deficiency and
attempts to restore balance by promoting catabolic pathways and mitochondrial biogenesis [24]. However, chronic
AMPK activation is insufficient to counteract sustained mitochondrial dysfunction and may itself become
maladaptive, contributing to pathological cardiac remodeling [257]. Thus, the failure of bioenergetic homeostasis is
a central mechanism in drug-induced cardiotoxicity that warrants targeted therapeutic intervention.
Mitochondrial-Mediated Cell Death Pathways

Mitochondria serve not only as the powerhouses of the cell but also as critical regulators of cell death. Their
involvement in both apoptotic and necrotic signaling pathways renders them central to the pathophysiology of
cardiotoxicity induced by pharmacological agents. In the intrinsic apoptotic pathway, mitochondrial outer
membrane permeabilization leads to the release of pro-apoptotic factors such as cytochrome c into the cytosol [267].
Cytochrome c¢ binds to apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 to form the apoptosome,
initiating a cascade that activates downstream caspases and culminates in DNA fragmentation and programmed cell
death [277]. This process has been clearly demonstrated in doxorubicin-induced cardiotoxicity, where excessive ROS
and mitochondrial damage trigger robust apoptotic responses in cardiac cells [287. Necrotic cell death, in contrast,
is largely mediated by the opening of the mitochondrial permeability transition pore (mPTP), a high-conductance
channel that disrupts membrane potential and leads to osmotic swelling and rupture of the mitochondrial membrane
[297. This catastrophic event results in the uncontrolled release of mitochondrial contents and induces
inflammatory responses in surrounding tissue. Unlike apoptosis, necrosis is not energy-dependent and often reflects
severe mitochondrial failure [307. Another contributing mechanism is the dysregulation of mitophagy, the selective
autophagic clearance of damaged mitochondria [817]. Inadequate or dysfunctional mitophagy allows the
accumulation of depolarized mitochondria, further exacerbating ROS production and propagating cell injury [317.
Disruption in the balance between mitochondrial biogenesis and mitophagy has been observed in various models of
drug-induced cardiac injury, suggesting a need for therapeutic strategies that restore mitochondrial quality control

[s2].

Drug-Specific Mitochondrial Toxicities
The mitochondrial mechanisms of cardiotoxicity vary across different drug classes. Doxorubicin, for example, exerts
its cardiotoxic effect by intercalating into mitochondrial DNA, inhibiting topoisomerase II beta, and promoting
excessive ROS generation through redox cycling [337]. These processes culminate in mitochondrial swelling, ETC
dysfunction, and both apoptotic and necrotic cell death. Trastuzumab, a monoclonal antibody targeting the HER2
receptor, does not generate ROS directly but interferes with neuregulin-1/ErbB signaling, a key cardioprotective
pathway that maintains mitochondrial function [347]. This sensitizes cardiomyocytes to stress-induced
mitochondrial dysfunction, particularly when administered in combination with anthracyclines. Sunitinib and
sorafenib, both tyrosine kinase inhibitors, directly impair mitochondrial respiration and ATP synthesis [857. These
agents are also associated with the downregulation of PGC-1 alpha and impaired mitochondrial biogenesis, further
contributing to energy depletion [367] Zidovudine, through its inhibition of mitochondrial DNA replication, leads
to mitochondrial depletion and impaired respiratory function [877]. This results in energy failure and myocyte
injury, particularly in long-term HIV patients. These drug-specific mitochondrial insults highlight the need for
personalized monitoring and prevention strategies based on the pharmacodynamic and mitochondrial profiles of
individual agents.
Therapeutic Targets and Cardioprotective Strategies
Therapeutic strategies targeting mitochondrial dysfunction offer promising avenues for preventing and mitigating
cardiotoxicity. Antioxidants are among the most investigated options. Dexrazoxane, an iron chelator and FDA-
approved cardioprotective agent, reduces ROS formation in doxorubicin-treated patients [887]. Novel mitochondria-
targeted antioxidants such as MitoQ and SS-31 have shown potential in preclinical studies, eftectively reducing
mitochondrial ROS and improving cardiac outcomes [897] Another approach involves enhancing mitochondrial
biogenesis through activation of the PGC-1 alpha pathway [407]. Natural compounds like resveratrol have
demonstrated efficacy in restoring mitochondrial number and function in models of drug-induced cardiotoxicity
[417 Inhibition of the mPTP with agents such as cyclosporin A has also been explored. By preventing pore opening,
cyclosporin A preserves mitochondrial membrane potential and reduces necrotic cell death [427] Non-
pharmacological interventions, including aerobic exercise and dietary modification, have shown promise in
improving mitochondrial dynamics, enhancing antioxidant defenses, and promoting mitophagy [437. These
interventions may serve as adjuncts to pharmacological therapy in high-risk patients.
Clinical Implications and Biomarker Development

Current biomarkers for cardiotoxicity, such as cardiac troponins and natriuretic peptides, lack specificity for
mitochondrial injury and often reflect irreversible damage [447). There is increasing interest in identifying more
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sensitive and mechanistically informative biomarkers. Circulating mitochondrial DNA (mtDNA), indicative of
mitochondrial damage and release, is emerging as a potential early biomarker of cardiotoxic stress [457. Other
candidates include oxidized lipids, such as malondialdehyde and 4-hydroxynonenal, which reflect oxidative stress
burden [467. Imaging modalities such as 99mTc-MIBI SPECT are also under investigation for assessing
mitochondrial function in vivo, offering the possibility of non-invasive monitoring [47] Developing robust
biomarker panels will be essential for stratifying risk, monitoring subclinical toxicity, and tailoring cardioprotective
Interventions.

Future Perspectives
The future of cardiotoxicity management lies in precision medicine approaches that integrate mitochondrial
phenotyping, pharmacogenomics, and advanced imaging. Stratifying patients based on mitochondrial vulnerability
could enable early identification of those at highest risk. Incorporating omics-based platforms, such as
transcriptomics and metabolomics, may uncover novel therapeutic targets and pathways involved in mitochondrial
resilience. Combination therapies that maintain anticancer efficacy while safeguarding mitochondrial integrity
represent an important direction. Furthermore, continued development of mitochondria-targeted agents and
exploration of lifestyle-based interventions will enhance the therapeutic arsenal. Ultimately, a deeper understanding
of mitochondrial pathobiology in drug-induced cardiotoxicity will drive the evolution of safer therapies and improve
long-term cardiovascular outcomes in vulnerable patient populations.
CONCLUSION
Mitochondrial dysregulation is a critical and convergent mechanism in drug-induced cardiotoxicity. Understanding
the redox, bioenergetic, and cell death pathways involved offers avenues for precision cardio protection. Future
therapies must balance pharmacologic efficacy with mitochondrial preservation to ensure both oncologic success
and cardiovascular safety.
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