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Abstract 

Redox-active metals are central drivers of environmentally induced oxidative stress because they can cycle between 
oxidation states, catalyze reactive oxygen species (ROS) formation, and disrupt endogenous redox signaling. Unlike 
many organic toxicants that require metabolic activation, metals such as iron, copper, chromium, vanadium, manganese, 
cobalt, and nickel can directly participate in electron transfer reactions at biological interfaces, including the lung 
epithelial lining fluid, mitochondrial membranes, lysosomes, and inflamed tissues. Environmental exposure occurs 
through inhalation of metal-bearing particulate matter, ingestion via contaminated water and food, and dermal contact 
in occupational and community settings. Once internalized, these metals amplify oxidative burden through Fenton and 
Fenton-like chemistry, redox cycling, depletion of glutathione and thiol buffers, mitochondrial electron transport chain 
disruption, and induction of inflammatory NADPH oxidases. Oxidative injury propagates beyond macromolecular 
damage to include dysregulated redox signaling, epigenetic remodeling, altered proteostasis, and immune activation, 
creating a mechanistic bridge from exposure to chronic disease. Epidemiologic and toxicologic evidence links metal-
rich air pollution and metal exposures to cardiometabolic disorders, neurodegenerative processes, chronic respiratory 
disease, kidney injury, and carcinogenesis, with susceptibility shaped by genetics, nutrition (iron status), co-exposures 
(ozone, PAHs, endotoxin), and life stage. This review synthesizes core mechanistic chemistry, biological targets, and 
disease-relevant pathways, then evaluates biomarker strategies (exposure, effect, and susceptibility) and discusses 
methodological advances that improve causal inference, including metal speciation, single-cell approaches, and 
exposome analytics. Finally, it highlights intervention opportunities spanning emission control, exposure reduction, 
nutritional modulation, and targeted therapeutics that restore redox homeostasis without suppressing physiologic ROS 
signaling. 
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1. Introduction: Why metals are uniquely positioned to drive oxidative disease

Oxidative stress is often described as an imbalance between oxidant production and antioxidant defenses, but in biology 
it is more precise to view it as a disturbance of redox signaling and control [1, 2]. Cells use ROS and reactive nitrogen 
species (RNS) as regulated messengers to control immunity, vascular tone, and transcription [3, 4]. Environmental 
exposures become pathogenic when they shift the intensity, location, and timing of oxidant generation beyond what 
cellular systems can buffer while preserving signaling fidelity. Redox-active metals are unusually potent in this regard 
because they can generate oxidants catalytically, not stoichiometrically [5, 6]. A small amount of a metal capable of 
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cycling between oxidation states can repeatedly convert relatively mild oxidants (hydrogen peroxide, organic 
peroxides) into highly reactive radicals that attack DNA, proteins, and lipids, especially at biological “hot spots” such as 
membranes and sites of inflammation [7, 8]. 

The term “redox-active metal” in environmental health typically includes iron (Fe), copper (Cu), manganese (Mn), 
chromium (Cr), vanadium (V), cobalt (Co), and nickel (Ni), although their biological redox behaviors differ [9]. Some, 
like Fe and Cu, are essential metals tightly regulated by transporters and storage proteins, yet harmful when in labile 
pools that catalyze radical formation. Others, like hexavalent chromium (Cr(VI)) and vanadium (V(V)/V(IV)), are not 
required for human biology but can undergo intracellular reduction steps that generate ROS and DNA-reactive 
intermediates [10, 11]. Manganese is essential yet neurotoxic at high exposure, in part through oxidative and 
mitochondrial pathways [12]. Cobalt and nickel have complex redox and hypoxia-mimetic effects, with oxidative stress 
intersecting with HIF signaling, inflammation, and carcinogenic pathways [13]. 

Environmental oxidative stress from metals rarely occurs in isolation. Metals co-occur with ultrafine particles, organic 
combustion products, and secondary oxidants (ozone, nitrogen dioxide), producing mixture effects [14]. Still, metals are 
frequently among the strongest predictors of the intrinsic oxidative potential of airborne particulate matter, a property 
measured by acellular assays such as dithiothreitol (DTT) consumption or ascorbate depletion [15]. Understanding how 
metal chemistry translates into disease therefore requires bridging four layers such as environmental speciation and 
bioavailability, biological compartmentalization and metal trafficking, enzymatic and non-enzymatic ROS generation, 
and downstream molecular responses that become chronic pathology. 

2. Environmental sources and exposure pathways 

Active metals undergo redox reaction and these reactions affect the environment and biological systems as illustrated 
in Table 1 below. Ambient air pollution is a dominant exposure route for many redox-active metals because combustion 
and friction processes generate metal-rich particles that deposit efficiently in the respiratory tract [16]. Brake and tire 
wear contribute Cu, Fe, and other metals; road dust resuspension carries Fe, Mn, and Cr; industrial emissions add Ni, V, 
Cr, and Co; and oil combustion often contributes Ni and V in characteristic ratios [17]. Wildfires and biomass burning 
can mobilize metals from vegetation and soils, delivering them in complex matrices with organic carbon and soot that 
can modify metal solubility and redox behavior [18-20]. Particle size matters such as coarse particles (PM10–2.5) often 
carry crustal metals and mechanically generated wear debris, while fine (PM2.5) and ultrafine particles more readily 
reach alveoli and may translocate or influence systemic pathways via inflammation and mediators [21, 22]. Solubility is 
equally important, a small fraction of soluble or “bioaccessible” metal can dominate acute oxidative effects, because 
ionic metal species interact readily with epithelial lining fluid, thiols, and redox-active biomolecules [23]. Drinking water 
can contribute redox-active metals through natural geochemistry (iron- or manganese-rich aquifers), corrosion of 
distribution systems (iron from pipes), and industrial contamination (chromium, nickel) [24, 25]. Food becomes a 
pathway through soil-to-plant transfer and through processing and packaging in some contexts. For essential metals, 
nutritional intake is necessary; the toxicological issue arises when intake is excessive or when metals are present in 
reactive forms that bypass regulation [26, 27]. Occupational exposures often produce higher and more sustained doses 
than ambient environments. Welding fumes deliver Fe, Mn, and other metals in ultrafine, highly reactive particles [28]. 
Metal plating and pigment industries can expose workers to Cr(VI). Oil refining and heavy fuel combustion can yield Ni 
and V [29, 30]. These settings have helped establish causal links because exposure characterization can be more precise 
and disease outcomes more clearly associated with metal burdens. 

Table 1 Redox-active metals: environmental sources, dominant redox behaviors, and key biological targets 

Metal Common 
environmental 
sources 

Key redox 
behavior 

Major oxidative 
mechanisms 

Prominent target 
systems 

Iron (Fe) Road dust, steel 
industry, welding 
fumes, soil particles 

Fe(II)/Fe(III) 
cycling 

Fenton chemistry, lipid 
peroxidation, ferroptosis, 
mitochondrial injury 

Lung, cardiovascular 
system, liver, systemic 
inflammation 

Copper (Cu) Brake wear, industrial 
emissions, some water 
systems 

Cu(I)/Cu(II) 
cycling 

Fenton-like reactions, thiol 
oxidation, protein binding 

Lung lining fluid, 
cardiovascular, 
oxidative signaling 
disruption 
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Manganese 
(Mn) 

Welding, mining, 
industrial emissions, 
soil dust 

Multiple oxidation 
states; complex 
enzymatic roles 

Mitochondrial dysfunction, 
oxidative stress, 
neuroinflammation 

Brain (basal ganglia), 
lung 

Chromium 
(Cr) 

Industrial 
contamination, plating, 
pigments, some water 
sources 

Cr(VI) uptake and 
intracellular 
reduction to Cr(III) 

ROS during reduction, DNA 
adducts/crosslinks, 
oxidative damage 

Cancer risk, lung, 
kidney 

Vanadium 
(V) 

Oil combustion, 
industrial emissions, 
some dusts 

V(V)/V(IV) cycling Redox cycling, phosphatase 
inhibition, ROS production 

Lung, metabolic 
pathways, 
inflammation 

Nickel (Ni) Oil combustion, 
metallurgy, industrial 
emissions 

Variable; often 
indirect redox 
effects 

Inflammation, oxidative 
stress, hypoxia signaling 
perturbation 

Respiratory system, 
carcinogenic pathways 

Cobalt (Co) Metal industry, 
pigments, some 
occupational exposures 

Redox activity; 
hypoxia-mimetic 
effects 

Oxidative stress plus HIF 
stabilization interactions 

Lung, systemic 
inflammation, possible 
cardiometabolic effects 

2.1. Core chemistry of metal-driven oxidative stress 

Fenton chemistry is a foundational mechanism as Fe(II) reacts with hydrogen peroxide (H₂O₂) to generate hydroxyl 
radical (•OH) and Fe(III) [31]. Hydroxyl radical is exceptionally reactive, causing near diffusion-limited attacks on 
nearby macromolecules. Fe(III) can be reduced back to Fe(II) by superoxide (O₂•–), ascorbate, or cellular reductants, 
creating a catalytic cycle. Copper can perform analogous reactions through Cu(I)/Cu(II) cycling, and some other 
transition metals can participate in Fenton-like processes depending on ligand environment [32]. A key toxicological 
insight is that location governs damage. Hydroxyl radical reacts where it is formed, so damage reflects the 
microenvironment: at membranes it drives lipid peroxidation; near DNA it yields strand breaks and oxidized bases; in 
proteins it oxidizes side chains and disrupts metal-binding motifs [33, 34]. Thus, “labile” or loosely chelated metal pools 
in lysosomes, mitochondria, and inflamed extracellular spaces can be more damaging than total metal concentration 
[35].  

Some metals promote oxidative stress by catalyzing redox cycling in the presence of endogenous reductants. Vanadium 
can cycle between V(V) and V(IV) states, interacting with cellular thiols and producing ROS [36]. Chromium is 
distinctive: Cr(VI) is taken up by cells via anion transporters (because it resembles sulfate or phosphate), then reduced 
through intermediate states (Cr(V), Cr(IV)) to Cr(III) [37]. These reduction steps can generate ROS and create DNA 
adducts and crosslinks via Cr(III) binding. Nickel and cobalt can participate in redox reactions under certain conditions 
and also influence oxidative balance indirectly through inflammation and hypoxia signaling [38, 39]. Many redox effects 
are amplified by thiol depletion. Glutathione (GSH) is the dominant cytosolic redox buffer, and protein cysteine residues 
regulate signaling [40]. Metals can bind thiols, oxidize them, or drive disulfide formation indirectly through ROS. Loss 
of GSH shifts redox potential and impairs detoxification pathways, including glutathione peroxidase activity and 
conjugation of electrophiles [41]. In extracellular lung lining fluid, antioxidants such as ascorbate and urate are major 
defenders; metal-catalyzed depletion of ascorbate is a recognized feature of particle oxidative potential [42]. Iron is 
essential for oxygen transport and mitochondrial function, but its “labile” pool is dangerous because it supports radical 
generation. Environmental exposures and inflammation can increase labile iron by damaging ferritin, altering hepcidin 
signaling, or inducing hemolysis and release of heme iron [43]. Once free iron rises, lipid peroxidation can accelerate 
and promote a form of cell death called ferroptosis, characterized by iron-dependent accumulation of lipid 
hydroperoxides [44]. Ferroptosis is increasingly recognized in organ injury and chronic disease contexts, linking metal 
exposure to tissue remodeling and degeneration [45]. 

3. Biological targets and pathway architecture 

3.1. The lung: first-contact chemistry and immune amplification 

The respiratory tract is often the first biological interface for particle-bound metals. Upon deposition, particles 
encounter epithelial lining fluid rich in antioxidants and proteins. Soluble metals can leach from particle surfaces, and 
particle-associated redox cycling can proceed at the interface [46]. Oxidative signals activate epithelial stress pathways 
(MAPK, NF-κB) and induce cytokines (IL-6, IL-8), recruiting neutrophils and macrophages [47]. These immune cells 
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generate ROS enzymatically via NADPH oxidase and myeloperoxidase, creating a feed-forward loop where metals 
initiate oxidative stress and inflammation amplifies it. Macrophages can also internalize particles into phagolysosomes 
where acidic conditions increase metal solubility. Lysosomal membrane permeabilization can release iron and other 
metals, increasing cytosolic labile pools and promoting mitochondrial injury. Over time, repeated exposure can 
contribute to airway remodeling, mucus hypersecretion, and altered host defense, increasing vulnerability to infections 
and exacerbations of chronic respiratory diseases. 

3.2. Mitochondria: where metal stress meets energy failure 

Mitochondria are both sources and targets of ROS. Many metals impair electron transport chain function, increasing 
electron leakage and superoxide generation. Mitochondrial DNA (mtDNA) is particularly vulnerable because it lacks 
protective histones and resides close to the inner membrane where ROS are produced [48]. Oxidative mtDNA damage 
can trigger innate immune responses through release of mtDNA into the cytosol, activating cGAS-STING pathways and 
sustaining inflammation [49]. Metals may also disrupt mitochondrial dynamics (fission/fusion), calcium handling, and 
membrane potential, shifting tissues toward energetic insufficiency, insulin resistance, or cell death pathways [50]. 

3.3. Endothelium and cardiovascular effects 

Cardiovascular disease links to metal-driven oxidative stress through endothelial dysfunction, autonomic imbalance, 
inflammation, and pro-thrombotic changes. Oxidants reduce nitric oxide bioavailability by reacting with NO to form 
peroxynitrite, impairing vasodilation [51]. Endothelial cells exposed to metal-rich particles show increased adhesion 
molecule expression, promoting leukocyte recruitment and vascular inflammation [52]. Oxidative modification of 
lipoproteins and activation of platelets can contribute to atherogenesis and acute events. Importantly, many studies 
suggest that the metal component of PM may be particularly associated with cardiovascular risk, consistent with 
mechanistic plausibility because vascular signaling is exquisitely redox sensitive [53-56]. 

3.4. Brain and neurodegeneration-relevant pathways 

The nervous system is vulnerable because neurons rely heavily on mitochondrial energy and have limited antioxidant 
reserves in some compartments. Metal exposures can influence neuroinflammation via microglial activation, oxidative 
injury to dopaminergic circuits (notably with manganese), and disruptions of metal transport and storage [57-59]. 
Oxidative stress also affects protein folding and aggregation; lipid peroxidation products can modify proteins, 
potentially contributing to proteostasis collapse seen in neurodegenerative diseases. For essential metals, the boundary 
between homeostasis and toxicity is narrow, and genetic or nutritional factors that alter metal handling can shape 
susceptibility [60]. 

3.5. Kidney and liver: filtering and biotransformation hubs 

Kidney injury can reflect both direct metal toxicity and systemic oxidative stress [61]. Metals can accumulate in proximal 
tubules, where oxidative damage impairs transport functions and promotes inflammation and fibrosis [61]. The liver, 
as a central organ of metal storage and detoxification, can also experience oxidative injury, particularly when metal 
exposures interact with metabolic stress (high-fat diet, alcohol) to intensify lipid peroxidation and inflammatory 
signaling [62]. 

3.6. Iron and copper: essential metals with toxic labile pools 

For Fe and Cu, toxicity often arises when regulatory systems are bypassed. Most iron is bound to hemoglobin, ferritin, 
or transferrin; most copper is chaperoned by proteins to prevent free Cu catalysis. Environmental particles can deliver 
soluble forms, while inflammation and oxidative conditions can release iron from ferritin or heme proteins. A major 
conceptual shift in recent years is that oxidative injury is not only about “more ROS,” but also about a changed metal 
landscape: increased labile iron drives lipid peroxidation and ferroptosis-like processes, and copper can catalyze 
extracellular oxidation in lung lining fluid, impairing barrier function and host defense. 

4. Oxidative stress as a systems problem: inflammation, epigenetics, and cell death 

Environmental metal exposure often triggers inflammation that becomes a major ROS source. Neutrophils generate 
superoxide; myeloperoxidase produces hypochlorous acid; macrophages produce nitric oxide that reacts with 
superoxide to form peroxynitrite [63]. Metals can prime these responses, leading to chronic low-grade oxidative burden. 
This matters because chronic disease is not driven only by acute oxidative damage but by sustained inflammatory-redox 
remodeling of tissues. Redox changes influence transcription factors such as NF-κB, Nrf2, and AP-1. Nrf2 is a protective 
pathway: when activated, it induces antioxidant enzymes and detoxification proteins [64, 65]. Some metal exposures 
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activate Nrf2 adaptively, but repeated exposures may overwhelm this system or lead to maladaptive activation patterns. 
Metals can also affect DNA methylation and histone modifications indirectly through oxidative stress and directly by 
disrupting enzymes that require metal cofactors or redox conditions [66, 67]. These epigenetic changes can “store” 
exposure effects, altering gene expression long after exposure decreases. Cell death pathways are increasingly 
important for connecting oxidative stress to tissue remodeling. Ferroptosis, driven by iron-dependent lipid 
peroxidation and failure of GPX4-mediated lipid peroxide detoxification, is a compelling mechanism in lung injury, 
kidney injury, and possibly neurodegeneration [68-70]. Apoptosis and necrosis also occur, but ferroptosis highlights 
the specific role of iron and lipid membranes. Necrotic cell death releases damage-associated molecular patterns 
(DAMPs) that fuel inflammation, turning localized oxidative damage into systemic immune activation [71]. 

4.1. Evidence base linking metals to human disease 

Mechanistic plausibility is strong, metals contribute to vascular oxidative stress, reduced nitric oxide signaling, 
inflammation, and autonomic imbalance [72]. Epidemiologic studies of air pollution often implicate metal-rich 
components or traffic-related particles in cardiovascular endpoints, including hypertension, ischemic events, and 
changes in heart rate variability [73-75]. Metabolic outcomes, including insulin resistance, may be influenced by 
oxidative stress in adipose tissue and liver, along with mitochondrial dysfunction. However, causality is complicated by 
co-pollutants, and improved exposure assessment (metal speciation, source apportionment) is crucial to strengthen 
inference. Chronic exposure to metal-bearing particles is linked to asthma exacerbations, chronic bronchitis symptoms, 
and reduced lung function. Metals can impair mucociliary clearance, increase epithelial permeability, and alter immune 
responses to viruses and bacteria [76]. In susceptible individuals, such as those with asthma, oxidative stress 
contributes to airway hyperresponsiveness and steroid resistance [77]. Occupational exposures (welding, metal fumes) 
provide clearer causal evidence, with respiratory symptoms and inflammatory markers correlating with exposure 
intensity. 

Neurotoxicity evidence is strongest for manganese in occupational contexts, where motor symptoms and 
neurobehavioral changes have been documented [78-809]. For ambient exposure, associations between air pollution 
and cognitive decline are increasingly studied, and metals may be one component driving neuroinflammation and 
oxidative injury [81, 82]. The brain’s vulnerability to oxidative stress, combined with microglial activation, makes metal 
contributions plausible, but disentangling metal effects from the broader pollution mixture remains a major research 
task. Kidney outcomes are relevant for metals that accumulate in renal tissue or cause systemic oxidative stress and 
vascular dysfunction. Chromium and nickel exposures are classically associated with renal toxicity in certain contexts, 
while metal-bearing particles can contribute indirectly via inflammation and hypertension [83, 84]. Biomarker-based 
studies using urine metals alongside renal injury markers (e.g., KIM-1, NGAL) can strengthen exposure-response 
interpretation [85, 86]. Carcinogenesis pathways include direct genotoxicity (notably Cr(VI)), oxidative DNA damage, 
chronic inflammation, and epigenetic dysregulation [87]. Nickel and chromium are recognized occupational 
carcinogens with evidence tied to inhalation exposures [88]. Oxidative stress contributes both by generating mutagenic 
lesions (8-oxo-dG) and by activating proliferative signaling in chronically inflamed microenvironments [88, 89]. 

4.2. Measurement and modeling advances: from speciation to the exposome 

Speciation defines biological behavior. Cr(VI) versus Cr(III), soluble versus insoluble Ni compounds, and ligand-bound 
versus labile Fe pools have different uptake and toxicity. Environmental measurements that report only total metal 
mass can obscure the risk-relevant fraction. Bioaccessibility assays (simulated lung fluid extractions) and advanced 
spectroscopy (XANES/EXAFS) can reveal chemical forms, while single-particle mass spectrometry can map metal 
distributions on particle surfaces [90]. Acellular oxidative potential assays (DTT, ascorbate depletion) provide 
functional measures of particle redox activity [91]. These assays often correlate with metal content and may predict 
health outcomes better than PM mass alone in some settings. Still, they are simplifications; they do not capture cellular 
compartmentalization or immune amplification. The best use is as part of a mechanistic framework alongside 
epidemiology and toxicology. Transcriptomics and epigenomics reveal how metal exposure shifts stress responses, 
antioxidant defenses, and inflammatory pathways [92]. Single-cell RNA sequencing can identify which lung or immune 
cell subsets respond most strongly to metal-rich exposures, revealing vulnerability patterns [93]. Proteomics can detect 
oxidative modifications (carbonylation, adduct formation) and help link chemistry to functional impairment [94]. 

4.3. Interventions: reducing exposure and restoring redox balance without harming signaling 

The most effective intervention is reducing emissions and exposure: cleaner industrial processes, controls on oil 
combustion emissions, and reductions in traffic-related wear particles. Urban design that lowers near-road exposure 
and improved occupational protections for welding and metal industries can yield significant health benefits. Indoor air 
filtration can reduce particle exposure, especially near traffic corridors. For occupational settings, respirators and 
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ventilation controls are essential. Water infrastructure improvements reduce metal release from pipes and prevent 
contamination events. Community-based monitoring can identify hotspots for industrial emissions and support 
targeted policy responses. Because ROS signaling is physiologic, blanket antioxidant therapy has often failed to show 
consistent benefits in clinical trials. More promising are strategies that target specific pathways: 

• Nrf2 pathway modulation to enhance endogenous defenses where appropriate, 
• Mitochondria-targeted antioxidants in contexts of mitochondrial ROS overload, 
• Chelation or binding approaches in acute high-dose metal exposures under medical supervision, 
• Ferroptosis-targeted protection (e.g., supporting GPX4 activity, lipid peroxide detoxification) where iron-

driven lipid peroxidation dominates. 

These approaches require careful risk-benefit evaluation and are not substitutes for exposure reduction. 

4.4. Research gaps and future directions 

Routine monitoring often reports total metal concentrations without speciation or solubility measures. Future studies 
should incorporate bioaccessibility and oxidative potential to link exposures to biology more directly. Oxidative stress 
is compartmentalized. Measuring systemic biomarkers alone may miss localized lung epithelial injury or brain-specific 
oxidative responses. Multi-compartment sampling and imaging approaches may better capture relevant biology. Metals 
act with organics, secondary oxidants, and biological agents. Statistical mixture models and experimental mixture 
designs should become standard, not exceptional. Genetic variation in antioxidant pathways, differences in iron status, 
and comorbid inflammatory conditions can change risk. Incorporating these modifiers can improve both causal 
inference and practical risk stratification.Linking metal-driven oxidative biomarkers to hard outcomes (myocardial 
infarction, CKD progression) remains essential. Longitudinal cohorts with repeated exposure and biomarker 
assessments, combined with mechanistic work, offer the strongest path. 

5. Conclusion 

Redox-active metals are distinctive environmental hazards because they can generate oxidants catalytically, amplify 
inflammatory ROS production, and destabilize redox signaling across critical organs. Their toxicity is governed less by 
total dose than by chemical form, bioavailability, and the biological compartment where reactions occur. Inhaled metal-
bearing particulate matter provides a major exposure route, enabling first-contact chemistry in the lung that propagates 
systemically through inflammation, endothelial dysfunction, and mitochondrial stress. Disease associations span 
respiratory and cardiovascular endpoints, neurological outcomes (especially with manganese), kidney injury, and 
carcinogenesis (notably with Cr(VI)). Advancing the field requires integrating metal speciation, oxidative potential, and 
mechanistic biomarkers with rigorous epidemiologic designs that address mixtures and susceptibility. The most 
durable health gains will come from exposure reduction and source control, complemented by targeted, mechanism-
informed biological interventions for high-risk groups. In the broader context of environmental health, redox-active 
metals illustrate a general principle: chemistry at the interface of exposure and biology determines toxicity, and 
understanding that chemistry is the key to preventing disease. 
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