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ABSTRACT

Heavy metal toxicity remains a critical public health concern due to the widespread presence of metals such as
lead, mercury, cadmium, and arsenic in the environment. These metals, even at low concentrations, can exert
detrimental effects on biological systems, primarily through the disruption of cellular bioenergetics and redox
balance. A growing body of evidence highlights the central role of mitochondrial dysfunction in the pathogenesis
of heavy metal toxicity. Mitochondria are essential organelles responsible for energy production, regulation of
apoptosis, calcium homeostasis, and reactive oxygen species (ROS) signaling. Exposure to heavy metals can impair
mitochondrial function by inhibiting respiratory chain complexes, inducing oxidative stress, disrupting
mitochondrial dynamics, and triggering cell death pathways. This review examines the mechanisms through
which heavy metals induce mitochondrial dysfunction, explores experimental and clinical findings linking specific
metals to mitochondrial damage, and discusses the implications of these disruptions for human health. We also
outline emerging strategies for mitigating heavy metal-induced mitochondrial injury, including chelation therapy,
antioxidant supplementation, and lifestyle interventions. By integrating current research, this article aims to
provide a comprehensive understanding of how heavy metal toxicity intersects with mitochondrial biology and
contributes to disease.
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INTRODUCTION

Heavy metals are naturally occurring elements characterized by relatively high atomic weight and density[[17].
Although certain metals such as iron and zinc are required in trace amounts for normal physiological processes,
others, including lead, mercury, cadmium, and arsenic, have no known beneficial biological role and are toxic even
at low concentrations. Industrialization, urbanization, and intensified agricultural practices have increased
environmental dissemination of these toxic metals[27]. Human exposure occurs through contaminated drinking
water, polluted air, industrial emissions, mining activities, occupational settings, cigarette smoke, and ingestion of
contaminated food crops and seafood. Because heavy metals are non-biodegradable and persist in ecosystems, they
accumulate in soil, water, and biological tissues, resulting in chronic, low-level exposure across populations[37].
The health consequences of sustained heavy metal exposure are extensive and multisystemic. Epidemiological and
experimental studies associate these metals with neurodegenerative diseases, cardiovascular dysfunction, renal
impairment, immune dysregulation, reproductive toxicity, and carcinogenesis. A unifying feature underlying many
of these pathologies is disruption of cellular bioenergetics and redox balance. In this context, mitochondria emerge
as critical intracellular targets[4]. Mitochondria are central regulators of cellular metabolism and survival. They
generate adenosine triphosphate (ATP) through oxidative phosphorylation, coordinate intermediary metabolism,
regulate apoptosis, and modulate intracellular calcium signaling[57. Additionally, mitochondria are major sources
and regulators of reactive oxygen species (ROS), which function as signaling molecules under physiological
conditions but become damaging when produced excessively. Due to their high metabolic activity,
double-membrane structure rich in polyunsaturated lipids, and proximity to electron transport processes,
mitochondria are particularly susceptible to oxidative and chemical injury[67. Increasing evidence indicates that
heavy metal toxicity converges on mitochondrial pathways, leading to impaired ATP production, enhanced ROS
generation, mitochondrial DNA damage, and activation of cell death cascades. Elucidating these interactions is
essential for understanding disease mechanisms and identifying therapeutic strategies.
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1. Mechanisms of Heavy Metal-Induced Mitochondrial Dysfunction

1.2. Disruption of the Electron Transport Chain

One of the primary intracellular targets of heavy metals is the mitochondrial electron transport chain (ETC),
located within the inner mitochondrial membrane[7]. The ETC comprises a series of protein complexes that
transfer electrons derived from metabolic substrates to molecular oxygen, coupling this process to ATP
synthesis[87]. Heavy metals can bind to sulthydryl (—=SH) groups, displace essential metal cofactors, and alter the
conformation of ETC proteins, thereby inhibiting enzymatic activity. Lead interferes with complexes II and IV,
impairing electron flow and reducing ATP synthesis[97]. This inhibition promotes electron leakage from the
respiratory chain, resulting in enhanced superoxide formation and secondary oxidative damage[107]. Mercury
compounds exhibit strong affinity for thiol groups within ETC enzymes, disrupting complexes I and III and
directly compromising oxidative phosphorylation. Cadmium exerts both direct and indirect effects by displacing
essential metals such as iron and copper from metalloproteins, destabilizing complex structure and impairing
electron transfer efficiency[117]. Collectively, these disruptions diminish mitochondrial membrane potential,
reduce ATP output, and force cells to rely more heavily on anaerobic glycolysis. Such metabolic shifts compromise
energy-dependent cellular processes, particularly in tissues with high energy demands such as the brain, heart, and
kidneys.

1.2. Induction of Oxidative Stress

Heavy metals are potent inducers of oxidative stress, a condition characterized by excessive production of reactive
oxygen species relative to antioxidant defenses[127]. Some metals directly participate in redox cycling reactions,
while others indirectly promote ROS formation by inhibiting antioxidant systems or disturbing mitochondrial
respiration[ 187. Arsenic metabolism generates reactive intermediates that enhance ROS production and deplete
intracellular glutathione, a major antioxidant molecule essential for maintaining redox homeostasis. Cadmium
does not directly generate free radicals but indirectly increases oxidative stress by inhibiting key antioxidant
enzymes, including superoxide dismutase and glutathione peroxidase, and by reducing cellular glutathione
levels[147]. This imbalance amplifies mitochondrial ROS accumulation. Excess ROS attack lipids, proteins, and
mitochondrial DNA. The inner mitochondrial membrane is particularly vulnerable because of its high content of
polyunsaturated fatty acids, which are susceptible to lipid peroxidation[[157. Oxidative damage to membrane lipids
compromises membrane fluidity and integrity, leading to loss of mitochondrial membrane potential and impaired
ATP synthesis. Damage to mitochondrial DNA further disrupts the synthesis of essential ETC components,
perpetuating a cycle of respiratory dysfunction and oxidative injury[167. Over time, these processes culminate in
mitochondrial swelling, release of pro-apoptotic factors, and activation of cell death pathways.

1.3. Alteration of Mitochondrial Dynamics

Mitochondria are highly dynamic organelles that continuously undergo fission and fusion processes to maintain
structural integrity, distribute metabolic substrates, and ensure removal of damaged components[17]. Fusion
allows mitochondria to mix their contents, dilute damaged proteins, and maintain mitochondrial DNA integrity,
while fission facilitates segregation of dysfunctional segments for elimination through mitophagy[187]. The
balance between these opposing processes is tightly regulated by specialized proteins, including dynamin-related
protein 1 (Drp1) for fission and mitofusins (Mfn1 and Mfn2) and OPA1 for fusion[197. Heavy metals disrupt this
delicate equilibrium. Mercury and lead have been shown to alter the expression and activity of key regulatory
proteins such as Drpl and Mfn1/2, shifting the balance toward excessive fission. This results in fragmented,
swollen, and structurally compromised mitochondria. Fragmented mitochondria exhibit reduced membrane
potential, impaired oxidative phosphorylation, and increased ROS generation[207]. In addition, heavy
metal-induced oxidative stress can oxidatively modify proteins involved in mitochondrial dynamics, further
impairing their function. Disruption of mitochondrial dynamics also interferes with mitophagy, the selective
autophagic removal of damaged mitochondria[217]. When mitophagy is inefficient, defective mitochondria
accumulate within the cell, perpetuating oxidative stress and inflammatory signaling. The persistence of
dysfunctional mitochondria amplifies cellular injury, promotes activation of intrinsic apoptotic pathways, and
contributes to tissue degeneration in organs with high metabolic demand.

1.4. Impairment of Calcium Homeostasis

Mitochondria play a central role in buffering intracellular calcium (Ca?*), a crucial second messenger involved in
metabolism, neurotransmission, muscle contraction, and cell survival[227. Through coordinated interactions with
the endoplasmic reticulum, mitochondria regulate cytosolic Ca®* levels and use calcium signals to stimulate key
metabolic enzymes within the tricarboxylic acid cycle[237]. Heavy metals interfere with these tightly regulated
processes, leading to calcium imbalance and mitochondrial injury[247. Lead competes with Ca®* for binding sites
on proteins and transporters due to its similar ionic properties. This competition can increase cytosolic calcium
concentrations and promote excessive calcium uptake into mitochondria[257]. Cadmium disrupts voltage-gated
calcium channels and mitochondrial calcium uniporters, altering intracellular calcium distribution. Sustained
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mitochondrial Ca®* overload triggers opening of the mitochondrial permeability transition pore (mPTP), resulting
in loss of membrane potential, uncoupling of oxidative phosphorylation, and cessation of ATP synthesis[267].
Opening of the mPTP also permits release of pro-apoptotic factors such as cytochrome c into the cytosol,
activating caspase cascades and initiating programmed cell death. Persistent calcium dysregulation therefore
represents a critical mechanism linking heavy metal exposure to mitochondrial dysfunction and tissue injury.
1.5. Pathophysiological Consequences
1.6. Neurological Disorders
Neurons are highly dependent on mitochondrial ATP production to sustain synaptic transmission and maintain
ion gradients[277]. Heavy metal-induced mitochondrial dysfunction compromises neuronal energy metabolism
and enhances oxidative stress, both of which are central to neurodegenerative processes[287. Lead and mercury
exposures have been associated with increased amyloid-f accumulation and tau hyperphosphorylation,
pathological features linked to mitochondrial impairment. Similarly, inhibition of mitochondrial complex I by
certain heavy metals parallels mechanisms implicated in Parkinsonian neurodegeneration[297. In children, whose
nervous systems are still developing, mitochondrial vulnerability contributes to cognitive deficits, learning
disabilities, and behavioral disturbances following chronic exposure[ 307.
2. Cardiovascular Effects
Cardiac muscle cells contain abundant mitochondria to sustain continuous contractile activity. Heavy
metal-induced impairment of mitochondrial respiration reduces ATP availability in cardiomyocytes, weakening
contractile efficiency and potentially contributing to cardiomyopathy[317]. Additionally, oxidative stress damages
endothelial cells lining blood vessels, promoting inflammation, vascular stiffness, hypertension, and atherosclerotic
changes.
3. Renal Toxicity
The kidneys are particularly susceptible to heavy metal toxicity because they filter and concentrate circulating
toxins. Cadmium and mercury accumulate in proximal tubular cells, where they induce mitochondrial swelling,
loss of membrane potential, and impaired oxidative phosphorylation[327. Reduced ATP production compromises
active solute transport, leading to tubular dysfunction and progressive decline in renal filtration capacity.
Cellular Defense Mechanisms and Genetic Susceptibility
To counteract heavy metal toxicity, cells have evolved several protective mechanisms aimed at limiting oxidative
damage and metal accumulation[ 337. Antioxidant enzymes form the first line of defense against reactive oxygen
species. Superoxide dismutase converts superoxide radicals into hydrogen peroxide, which is subsequently
detoxified by catalase and glutathione peroxidase[847. The glutathione system, including reduced glutathione and
related enzymes, plays a central role in maintaining intracellular redox balance and directly conjugating certain
metal species for detoxification[ 357]. Metal-binding proteins such as metallothioneins also contribute significantly
to cellular protection. These cysteine-rich proteins bind heavy metals with high affinity, sequestering them and
reducing their interaction with critical cellular targets, including mitochondrial enzymes and DNA[367]. By
limiting free metal ion availability, metallothioneins mitigate oxidative stress and preserve mitochondrial
integrity. However, individual susceptibility to heavy metal-induced mitochondrial dysfunction varies
considerably[377]. Genetic polymorphisms in genes encoding antioxidant enzymes, detoxification pathways, and
metal transporters can influence the efficiency of cellular defenses. Variants that reduce antioxidant capacity or
impair metal sequestration may increase vulnerability to oxidative injury and mitochondrial damage.
Understanding these genetic factors is essential for identifying at-risk populations and developing targeted
preventive strategies.
CONCLUSION
Heavy metal toxicity poses a significant threat to human health, and mitochondrial dysfunction is a central
mechanism underlying this toxicity. Metals such as lead, mercury, cadmium, and arsenic disrupt mitochondrial
bioenergetics, induce oxidative stress, alter mitochondrial dynamics, and impair cellular homeostasis. These effects
contribute to a range of pathological outcomes, including neurological, cardiovascular, renal, and metabolic
diseases. Understanding how heavy metals compromise mitochondrial function not only sheds light on disease
mechanisms but also highlights opportunities for therapeutic intervention. Strategies including chelation therapy,
antioxidant support, and environmental regulation can play pivotal roles in mitigating the impact of heavy metal
exposure. Ongoing research to clarify mechanisms, improve detection, and develop targeted treatments remains
essential for protecting public health.
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