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ABSTRACT 

Fine particulate matter with an aerodynamic diameter of ≤2.5 μm (PM₂.₅) remains a major 

environmental and public-health concern in South Korea despite improvements in national air 

quality. Rapid urbanization, industrial emissions, transportation, fossil-fuel combustion, secondary 

aerosol formation, seasonal atmospheric stagnation, and transboundary transport collectively shape 

the country’s complex exposure profile. PM₂.₅ is increasingly recognized as a systemic toxicant 

rather than solely a respiratory pollutant. Its adverse effects are determined not only by particle 

mass but also by chemical composition, surface reactivity, oxidative potential, exposure duration, 

and individual susceptibility. 

This critical review synthesizes current mechanistic and population evidence linking PM₂.₅ 

exposure with oxidative stress and multiorgan cellular injury, with particular emphasis on South 

Korea. PM₂.₅-associated metals, organic compounds, and other redox-active constituents generate 

reactive oxygen and nitrogen species through particle-surface reactions, NADPH oxidase 

activation, mitochondrial dysfunction, and inflammatory-cell recruitment. Excessive oxidant 
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production disrupts Nrf2–Keap1 antioxidant defenses and activates NF-κB, MAPK, NLRP3 

inflammasome, endoplasmic-reticulum stress, and epigenetic pathways. The resulting 

inflammation, endothelial dysfunction, mitochondrial injury, DNA damage, autophagic 

impairment, and regulated cell death provide biologically plausible connections between 

pulmonary exposure and systemic disease. 

Evidence from Korean and international populations associates PM₂.₅ exposure with respiratory 

disease, cardiovascular and cerebrovascular events, neurodegenerative disorders, renal 

dysfunction, metabolic abnormalities, adverse pregnancy outcomes, developmental impairment, 

malignancy, and premature mortality. Children, pregnant women, older adults, people with chronic 

cardiopulmonary or metabolic disease, outdoor workers, and socioeconomically disadvantaged 

populations may experience disproportionate risk. However, interpretation remains limited by 

exposure misclassification, residual confounding, heterogeneous particle composition, and 

insufficient integration of personal exposure measurements with molecular biomarkers. Effective 

prevention requires sustained source-directed emission reduction, stronger air-quality governance, 

regional cooperation, exposure-conscious community infrastructure, clinical protection of 

vulnerable populations, and evidence-based personal precautions. Future South Korean research 

should integrate particle composition and oxidative potential with longitudinal epidemiology, 

multi-omic biomarkers, and policy-based natural experiments. 

Conclusion: PM₂.₅ remains an important systemic health threat in South Korea, with oxidative 

stress linking pulmonary exposure to multiorgan cellular injury. Effective protection requires 

sustained emission reduction, stronger regional air-quality cooperation, improved exposure 

assessment, and targeted clinical protection of vulnerable populations. Future research should 

integrate particle composition, oxidative potential, molecular biomarkers, and longitudinal 

population data to support more precise and equitable prevention. 

Keywords: Air pollution; fine particulate matter; PM₂.₅; oxidative stress; reactive oxygen species; 

cellular injury 

 INTRODUCTION 

    Fine particulate matter with an aerodynamic diameter of ≤2.5 μm (PM₂.₅) is among the most 

important environmental threats to human health. Because of its small aerodynamic size and large 

reactive surface area, PM₂.₅ can penetrate deeply into the distal airways and alveolar spaces, where 

it interacts with epithelial cells, alveolar macrophages, pulmonary endothelium, and resident 

immune cells [1,2]. PM₂.₅ is not a chemically uniform pollutant; rather, it comprises a complex 

mixture of sulfates, nitrates, ammonium, black carbon, organic compounds, transition metals, 

mineral dust, and biologically derived materials. Its composition varies according to emission 

source, season, atmospheric chemistry, and geographic location. These physicochemical 

characteristics determine the capacity of PM₂.₅ to generate reactive oxygen species, initiate 

inflammatory signaling, disrupt cellular homeostasis, and induce injury beyond the respiratory 

system [2–4]. 
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    South Korea represents a particularly relevant setting in which to investigate the health effects 

of PM₂.₅. Rapid industrialization, high population density, extensive urbanization, road-traffic 

emissions, fossil-fuel combustion, manufacturing activity, and seasonal atmospheric stagnation 

have contributed to recurrent episodes of elevated particulate pollution [5,6]. The national exposure 

pattern is further complicated by secondary aerosol formation and the long-range transport of 

pollutants across Northeast Asia. Source-apportionment studies indicate that both domestic 

emissions and transboundary transport contribute to ambient PM₂.₅ concentrations in South Korea, 

although their relative contributions vary substantially by season, meteorological conditions, 

region, and chemical composition [6,7]. 

    National air-quality measures have achieved meaningful improvements. The annual mean PM₂.₅ 

concentration in South Korea declined from approximately 26 μg/m³ in 2015 to 18 μg/m³ in 2021, 

accompanied by an increase in the number of days classified as having good air quality [8]. 

Nevertheless, these concentrations remain considerably higher than the World Health Organization 

annual guideline of 5 μg/m³ [1]. Moreover, reductions in national mean concentrations may conceal 

substantial regional, seasonal, and socioeconomic disparities. Residents of industrial zones, densely 

populated metropolitan areas, communities near major roads, and regions affected by seasonal 

pollution events may experience disproportionately high exposure. The continued occurrence of 

adverse health outcomes at concentrations below several national regulatory thresholds further 

indicates that compliance with existing standards does not necessarily represent the absence of risk 

[1,9]. 

    Oxidative stress is considered a central biological mechanism connecting PM₂.₅ exposure with 

cellular dysfunction and multiorgan disease. Redox-active components of PM₂.₅ can generate 

reactive oxygen species directly through particle-surface reactions and transition-metal–mediated 

redox cycling. They can also promote endogenous oxidant production by activating nicotinamide 

adenine dinucleotide phosphate oxidases, mitochondrial electron leakage, inflammatory 

leukocytes, and endoplasmic-reticulum stress pathways [3,4,10]. When oxidant production exceeds 

the capacity of enzymatic and nonenzymatic antioxidant systems, oxidative damage develops in 

cellular lipids, proteins, nucleic acids, and organelles, Figure 1. 

    At the molecular level, PM₂.₅ exposure may initially activate adaptive antioxidant responses 

mediated by the nuclear factor erythroid 2–related factor 2–Kelch-like ECH-associated protein 1 

pathway. However, persistent or high-intensity exposure can overwhelm this protective response 

and activate proinflammatory and stress-related signaling networks, including nuclear factor-κB, 

mitogen-activated protein kinases, activator protein 1, Janus kinase/signal transducer and activator 

of transcription, and the NLR family pyrin domain containing 3 inflammasome [10–12]. These 

pathways increase the production of interleukin-1β, interleukin-6, tumor necrosis factor-α, 

chemokines, adhesion molecules, and other mediators that sustain local and systemic inflammation.  

Mitochondrial dysfunction, calcium imbalance, impaired autophagy, epigenetic dysregulation, 

telomere attrition, cellular senescence, and apoptosis may subsequently amplify tissue injury [11–

13]. Emerging evidence also implicates pyroptosis, necroptosis, and ferroptosis in PM₂.₅-induced 

cellular damage, although their relative contribution in human populations remains incompletely 

defined [13,14]. 
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Figure 1. PM₂.₅-induced oxidative stress and cellular injury. 

Following inhalation, fine particulate matter with an aerodynamic diameter of ≤2.5 μm (PM₂.₅) deposits in 

the distal airways and alveolar regions. Redox-active particle components, including transition metals, 

promote reactive oxygen and nitrogen species (ROS/RNS) formation through direct redox cycling, NADPH 

oxidase activation, and mitochondrial dysfunction. Excessive oxidant production disrupts nuclear factor 

erythroid 2–related factor 2–Kelch-like ECH-associated protein 1 (Nrf2–Keap1) antioxidant signaling and 

activates nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK), NLR family pyrin domain 

containing 3 (NLRP3) inflammasome, and endoplasmic-reticulum stress pathways. Downstream 

consequences include lipid peroxidation, protein oxidation, DNA damage, and progressive mitochondrial 

dysfunction. These processes ultimately promote apoptosis, pyroptosis, ferroptosis, and cellular senescence. 

Damaged mitochondria further amplify ROS generation, establishing a self-perpetuating cycle of oxidative 

cellular injury. 

 

    The respiratory tract is the primary portal of exposure, but the biological consequences of PM₂.₅ 

are not restricted to the lungs. Pulmonary oxidative injury can produce a systemic spillover of 

inflammatory cytokines, oxidized phospholipids, extracellular vesicles, acute-phase proteins, and 

activated immune cells [2–4]. Soluble particle constituents—and potentially a proportion of 

ultrafine particles—may cross the alveolar–capillary barrier and enter the circulation. In addition, 

stimulation of pulmonary sensory receptors may disturb autonomic nervous system balance. These 

interconnected pathways provide a mechanistic basis for understanding how inhaled particulate 

matter can injure distant organs without requiring extensive translocation of intact particles [3,15]. 

    Within the cardiovascular system, PM₂.₅-induced oxidative stress promotes endothelial 

dysfunction, reduced nitric oxide bioavailability, vasoconstriction, platelet activation, vascular 

inflammation, and impaired fibrinolysis. Repeated exposure may accelerate atherosclerotic plaque 
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formation, destabilize existing plaques, increase arterial stiffness, and alter cardiac 

electrophysiology [15,16]. Korean nationwide studies have associated long-term particulate 

exposure with increased risks of incident cardiovascular disease, atrial fibrillation, myocardial 

infarction, stroke, and cardiovascular mortality [17–20]. Importantly, these associations have been 

observed not only among older individuals with established disease but also among young adults, 

indicating that clinically meaningful cardiovascular effects may begin earlier in the life course [21]. 

    The nervous system may be affected through systemic inflammation, vascular injury, oxidative 

disruption of the blood–brain barrier, microglial activation, and direct signaling along the olfactory 

pathway. These mechanisms have been linked to neuroinflammation, cerebral small-vessel injury, 

cognitive decline, and neurodegenerative disease [22,23]. A nationwide South Korean cohort 

reported an association between long-term particulate-matter exposure and the incidence of 

Parkinson disease, while more recent Korean evidence has associated prolonged exposure to PM₂.₅ 

and related pollutants with an increased risk of Alzheimer disease [24,25]. Nevertheless, the extent 

to which these associations reflect direct neurotoxicity, cerebrovascular injury, metabolic 

dysfunction, or interactions among these pathways remains uncertain. 

    The kidneys are also vulnerable to particulate-related oxidative and vascular injury because of 

their high perfusion, extensive microvascular network, and role in filtering circulating substances.   

Oxidative stress, endothelial dysfunction, renin–angiotensin system activation, systemic 

inflammation, and metabolic disturbance may contribute to glomerular and tubular damage [26]. 

Data from the Korea National Health and Nutrition Examination Survey demonstrated that long-

term PM₂.₅ exposure was associated with lower estimated glomerular filtration rate and a higher 

probability of chronic kidney disease [27]. Korean patients with primary glomerulonephritis 

exposed to higher concentrations of PM₂.₅ and PM₁₀ also showed an increased risk of renal-function 

deterioration [28]. These observations support the inclusion of kidney disease within the systemic 

burden of particulate pollution rather than considering it solely a cardiopulmonary hazard. 

PM₂.₅ exposure may additionally interfere with glucose metabolism, adipose-tissue function, 

hepatic lipid regulation, and insulin signaling. Oxidative stress and inflammatory activation can 

impair insulin-receptor pathways, alter adipokine secretion, increase hepatic gluconeogenesis, and 

promote systemic insulin resistance [29,30]. Such effects may contribute to diabetes mellitus, 

metabolic syndrome, and nonalcoholic fatty liver disease. Because cardiometabolic disorders are 

common in South Korea and frequently coexist with cardiovascular and renal disease, PM₂.₅ may 

function both as an independent risk factor and as an amplifier of pre-existing metabolic 

vulnerability. 

    Pregnant women, fetuses, infants, children, older adults, and patients with chronic 

cardiopulmonary, metabolic, malignant, or renal disorders represent particularly susceptible 

groups. During pregnancy, maternal exposure can induce placental oxidative stress, vascular 

dysfunction, inflammation, and epigenetic alterations that may impair fetal growth and 

development [31]. Korean studies have associated prenatal PM₂.₅ exposure with preterm birth, 

gestational diabetes, altered expression of genes related to parturition, and an increased risk of 

respiratory infection during infancy [32,33]. Early-life exposure is especially concerning because 
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the lungs, immune system, brain, and metabolic organs remain under development, creating the 

possibility that environmental injury may produce persistent or delayed health effects. 

    The carcinogenic potential of PM₂.₅ is similarly linked to oxidative DNA damage, genomic 

instability, impaired DNA repair, epigenetic modification, chronic inflammation, and altered 

immune surveillance [34,35]. Although lung cancer represents the most established malignancy 

associated with outdoor air pollution, systemic exposure to particle-derived compounds raises 

concern regarding cancers in other organs. However, evidence for nonpulmonary malignancies 

remains less consistent and requires careful evaluation of latency, smoking, occupational exposure, 

co-pollutants, and regional differences in particle composition. 

    Despite the rapid growth of South Korean research, several important limitations persist. Many 

epidemiological studies rely on administrative databases and exposure estimates based on 

residential addresses. Although these approaches provide large samples and long follow-up 

periods, they may not adequately account for residential mobility, occupational exposure, indoor 

pollution, commuting patterns, personal protective behavior, or differences in particle composition. 

Residual confounding by smoking, socioeconomic status, temperature, noise, diet, physical 

activity, and access to health care also remains possible. Furthermore, molecular and experimental 

findings are often considered separately from population-based evidence, limiting the ability to 

determine whether observed epidemiological associations correspond to specific biological 

pathways. 

    A further challenge is the tendency to discuss PM₂.₅ predominantly as a respiratory pollutant or 

to focus narrowly on the geographic origin of pollution. Although source attribution is essential for 

environmental governance, an excessive distinction between domestic and transboundary sources 

may divert attention from the more immediate objective of reducing total population exposure. The 

evidence increasingly supports a systemic model in which PM₂.₅ initiates a network of oxidative, 

inflammatory, vascular, mitochondrial, immune, and epigenetic disturbances shared across 

multiple organs. Integrating these mechanisms with Korean population evidence is necessary to 

identify causal pathways, characterize vulnerable groups, and develop effective preventive 

interventions. 

    Prevention should therefore follow a multilevel framework. Source-directed policies—including 

industrial emission control, reduced coal combustion, cleaner transportation, renewable energy 

expansion, and coordinated regional air-quality management—are likely to provide the largest and 

most equitable health benefits [5,8]. Seasonal emission-reduction programs and real-time warning 

systems may reduce exposure during severe pollution episodes, but sustained reductions in annual 

mean concentrations remain essential. At the clinical and individual levels, exposure counselling, 

optimal control of chronic diseases, use of well-fitted particulate-filtering respirators during high-

pollution episodes, indoor air filtration, and appropriate timing of outdoor physical activity may 

offer supplementary protection [36,37]. These measures should complement rather than replace 

regulatory action because reliance on individual behavior may widen health inequalities. 

    Accordingly, this critical review integrates evidence on PM₂.₅-induced oxidative stress and 

multiorgan cellular injury with particular emphasis on South Korea. It examines particle 

characteristics and exposure patterns; evaluates oxidative, inflammatory, mitochondrial, vascular, 
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immune, and epigenetic pathways; and synthesizes population evidence across the respiratory, 

cardiovascular, neurological, renal, metabolic, reproductive, and carcinogenic domains. It also 

critically evaluates methodological limitations, identifies susceptible populations, and assesses 

preventive strategies at regulatory, community, clinical, and individual levels. By connecting 

molecular mechanisms with nationally relevant epidemiological evidence, this review aims to 

establish a comprehensive framework for future research, clinical risk reduction, and evidence-

informed environmental policy in South Korea. 

Scope and Methodological Approach of the Review 

This critical review should integrate mechanistic, experimental, clinical, epidemiological, and 

policy evidence concerning PM₂.₅ exposure in South Korea. Relevant studies may be identified 

through searches of PubMed/MEDLINE, Embase, Web of Science, Scopus, KoreaMed, and 

Korean Citation Index. Search terms should combine expressions related to “PM₂.₅,” “fine 

particulate matter,” “air pollution,” “South Korea,” “oxidative stress,” “reactive oxygen species,” 

“inflammation,” “mitochondria,” “cellular injury,” and specific organ systems [38–40]. 

Priority should be given to nationwide Korean cohorts, prospective studies, systematic reviews, 

meta-analyses, controlled human-exposure studies, and experimental investigations that clarify 

biological plausibility. Because this is a critical rather than purely systematic review, the evidence 

should be interpreted according to study design, exposure-assessment quality, confounding control, 

biological coherence, and relevance to the South Korean population [40,41]. 

PM₂.₅ Sources and Exposure Patterns in South Korea 

Domestic emission sources 

Major domestic contributors include coal-fired electricity generation, industrial combustion, 

petrochemical and manufacturing activities, diesel-powered transportation, construction, 

residential heating, biomass burning, and agricultural ammonia emissions [42–44]. Primary 

particles may be emitted directly, whereas sulfur dioxide, nitrogen oxides, volatile organic 

compounds, and ammonia undergo atmospheric reactions that generate secondary inorganic and 

organic aerosols [43,45]. 

Transboundary particulate pollution 

South Korea is affected by long-range transport of pollutants across Northeast Asia. Transboundary 

contributions vary according to atmospheric circulation, season, emission intensity, and chemical 

transformation during transport [46–48]. Imported and domestically generated pollution should not 

be regarded as mutually exclusive categories because precursor gases and particles continuously 

mix, age, and undergo secondary transformation within the regional atmosphere. 

Seasonal variation and high-pollution episodes 

PM₂.₅ concentrations are commonly elevated during winter and early spring because of increased 

fuel combustion, reduced atmospheric mixing, temperature inversions, and long-range transport 

[48,49]. In contrast, summer precipitation and stronger atmospheric dispersion may reduce particle 
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concentrations, although photochemical reactions can increase secondary aerosol formation under 

certain conditions [49,50]. 

Regional and urban–rural differences 

Exposure profiles differ among Seoul and the surrounding metropolitan region, industrial areas, 

port cities, rural agricultural communities, and coastal regions. Metropolitan exposure is strongly 

influenced by traffic and population density, whereas industrial regions may contain higher 

concentrations of metals, organic chemicals, and combustion products [51,52]. Rural areas may be 

affected by agricultural ammonia, biomass burning, transported particles, and limited monitoring 

coverage. 

Indoor and personal exposure 

Ambient monitoring stations do not fully represent individual exposure. Infiltration of outdoor 

particles into homes, schools, hospitals, and workplaces is influenced by ventilation, building 

characteristics, air-conditioning systems, window-opening behavior, and indoor filtration [53,54]. 

Cooking, smoking, candles, incense, and other indoor combustion sources may additionally 

increase personal PM₂.₅ exposure. 

Physicochemical Characteristics and Oxidative Potential 

Particle size, surface area, and deposition 

The biological activity of particulate matter is determined not only by mass concentration but also 

by particle number, size distribution, surface area, morphology, and solubility. Smaller particles 

possess a larger surface area relative to mass and may carry greater quantities of reactive chemicals 

into the distal lung [55,56]. 

Transition metals and redox cycling 

Iron, copper, nickel, chromium, vanadium, manganese, and other transition metals can generate 

hydroxyl radicals through Fenton and Fenton-like reactions. Metal-rich particles derived from 

industrial combustion, traffic-related brake wear, and manufacturing emissions may therefore 

demonstrate particularly high oxidative potential [57–59]. 

Organic compounds and black carbon 

Polycyclic aromatic hydrocarbons and quinones can undergo enzymatic metabolism and redox 

cycling, producing reactive oxygen species and electrophilic intermediates. Black carbon may also 

act as a carrier for adsorbed toxic substances and contribute to mitochondrial and endothelial 

dysfunction [60–62]. 

 

Secondary inorganic and organic aerosols 

Sulfates, nitrates, ammonium compounds, and secondary organic aerosols constitute substantial 

proportions of PM₂.₅ mass in South Korea. Although some components have relatively low direct 
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toxicity, their acidity, hygroscopicity, and interaction with metals and organic compounds may 

modify particle deposition and biological activity [63,64]. 

Oxidative potential as an exposure metric 

Particle oxidative potential may provide information beyond total PM₂.₅ mass concentration. 

Assays measuring dithiothreitol consumption, ascorbic acid depletion, glutathione depletion, or 

cellular reactive oxygen species can help characterize the capacity of particles to induce oxidative 

injury [65–67]. Incorporating oxidative-potential measurements into Korean monitoring systems 

may improve prediction of health risk. 

Cellular Entry and Initial Pulmonary Injury 

Deposition in the respiratory tract 

Inhaled PM₂.₅ deposits throughout the tracheobronchial and alveolar regions through 

sedimentation, diffusion, and impaction. Deposition patterns vary according to breathing rate, 

airway anatomy, particle size, physical activity, and pre-existing pulmonary disease [68,69]. 

Airway epithelial-barrier dysfunction 

PM₂.₅ can disrupt epithelial tight-junction proteins, including occludin, claudins, and zonula 

occludens-1. Loss of barrier integrity increases epithelial permeability and permits deeper 

penetration of soluble particle components and inflammatory mediators [70–72], Figure 2. 

 

Figure 2. Systemic propagation and multiorgan effects of PM₂.₅ 

Pulmonary deposition of PM₂.₅ initiates systemic injury through circulating soluble components, 

inflammatory mediators, and autonomic imbalance. Shared oxidative, inflammatory, vascular, 

mitochondrial, and epigenetic mechanisms contribute to injury involving the brain, cardiovascular system, 

lungs, kidneys, metabolic organs, placenta, and developing fetus. 
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Alveolar macrophage activation 

Macrophages recognize particulate components through pattern-recognition receptors, including 

Toll-like receptors and scavenger receptors. Persistent exposure may impair phagocytosis, increase 

cytokine production, and reduce clearance of pathogens and inhaled particles [73,74]. 

Mucociliary dysfunction 

Oxidative injury can reduce ciliary beat frequency, alter mucus composition, and impair 

mucociliary clearance. These effects may increase susceptibility to airway obstruction and 

respiratory infection [75,76]. 

Pulmonary–systemic communication 

Injured pulmonary cells release cytokines, oxidized lipids, extracellular vesicles, microRNAs, and 

acute-phase mediators into the circulation. These signals can transmit inflammatory and oxidative 

stress responses from the lung to distant organs [77–79]. 

Molecular Pathways of PM₂.₅-Induced Oxidative Stress 

Reactive oxygen and nitrogen species generation 

PM₂.₅ promotes the production of superoxide, hydrogen peroxide, hydroxyl radicals, peroxynitrite, 

and other reactive species through particle-surface reactions, mitochondrial dysfunction, and 

enzymatic oxidant production [80–82]. 

Nrf2–Keap1 antioxidant signaling 

Moderate oxidative stress activates Nrf2-dependent expression of heme oxygenase-1, glutathione-

related enzymes, superoxide dismutase, catalase, and NAD(P)H quinone dehydrogenase 1. 

Prolonged exposure may overwhelm or dysregulate this compensatory response [83–85]. 

NF-κB-mediated inflammation 

Oxidative stress activates NF-κB and promotes transcription of inflammatory cytokines, 

chemokines, adhesion molecules, cyclooxygenase-2, and inducible nitric oxide synthase [86,87]. 

Persistent activation may convert an initially protective response into chronic tissue injury. 

MAPK and AP-1 signaling 

Activation of extracellular signal-regulated kinase, c-Jun N-terminal kinase, and p38 MAPK 

regulates inflammatory transcription, cellular proliferation, apoptosis, and stress adaptation 

[88,89]. 

NLRP3 inflammasome activation 

Particle-induced lysosomal damage, mitochondrial reactive oxygen species, potassium efflux, and 

oxidized mitochondrial DNA can activate the NLRP3 inflammasome. This promotes caspase-1 

activation, interleukin-1β and interleukin-18 maturation, and pyroptotic cell death [90–92]. 
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Mitochondrial injury 

PM₂.₅ can alter mitochondrial membrane potential, reduce adenosine triphosphate production, 

disturb mitochondrial dynamics, and increase mitochondrial DNA damage. Dysfunctional 

mitochondria subsequently become an additional source of reactive oxygen species [93]. 

Endoplasmic-reticulum stress 

Disturbance of protein folding activates the unfolded protein response through protein kinase RNA-

like endoplasmic-reticulum kinase, inositol-requiring enzyme 1α, and activating transcription 

factor 6 [94]. Persistent stress may activate C/EBP homologous protein and apoptosis. 

Autophagic dysregulation 

Autophagy may initially remove damaged organelles and oxidized proteins. Excessive exposure, 

however, may disrupt autophagic flux, produce lysosomal dysfunction, and promote accumulation 

of damaged mitochondria and proteins [95]. 

 

Regulated Cell-Death Pathways 

Apoptosis 

Mitochondrial cytochrome-c release, caspase activation, altered B-cell lymphoma 2 family 

signaling, and DNA damage contribute to PM₂.₅-induced apoptosis in pulmonary, vascular, 

neuronal, renal, and placental cells [96]. 

Pyroptosis 

NLRP3-mediated activation of caspase-1 and gasdermin D produces inflammatory membrane 

rupture and cytokine release. Pyroptosis may contribute to acute lung injury, endothelial damage, 

and cardiovascular inflammation [97]. 

Ferroptosis 

Iron-dependent lipid peroxidation, glutathione depletion, and reduced glutathione peroxidase 4 

activity may induce ferroptosis following PM₂.₅ exposure [98]. This pathway is particularly 

relevant to tissues with high oxygen consumption or abundant polyunsaturated lipids. 

Necroptosis 

Receptor-interacting protein kinases 1 and 3 and mixed-lineage kinase domain-like protein may 

mediate necroptotic cell death under severe inflammatory and oxidative conditions [99]. 

Cellular senescence 

Sublethal oxidative injury can induce persistent DNA-damage signaling and cellular senescence. 

Senescent cells release inflammatory and profibrotic mediators as part of the senescence-associated 

secretory phenotype [100]. 
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Epigenetic and Genetic Mechanisms 

DNA methylation 

PM₂.₅ exposure has been associated with global and gene-specific DNA-methylation changes 

affecting inflammation, oxidative defence, vascular function, and carcinogenesis [101]. 

Histone modification 

Changes in histone acetylation and methylation may alter chromatin accessibility and regulate 

inflammatory and antioxidant gene expression [102]. 

Noncoding RNA regulation 

MicroRNAs and long noncoding RNAs may mediate PM₂.₅-induced endothelial dysfunction, 

pulmonary inflammation, metabolic disturbance, and tumorigenesis [103]. 

Gene–environment interactions 

Genetic variants affecting antioxidant enzymes, xenobiotic metabolism, inflammatory signaling, or 

DNA repair may modify susceptibility to particulate pollution [104]. This area remains 

underexplored in Korean populations. 

Transgenerational effects 

Exposure during pregnancy may modify germline, placental, or fetal epigenetic regulation, 

potentially influencing disease susceptibility later in life [105]. 

Respiratory-System Injury 

Acute airway inflammation 

Short-term PM₂.₅ exposure may cause cough, wheezing, dyspnoea, reduced lung function, and 

increased emergency attendance for respiratory symptoms [106]. 

Asthma development and exacerbation 

Oxidative epithelial injury can enhance type 2 inflammation, dendritic-cell activation, airway 

hyperresponsiveness, and allergic sensitization [107]. 

Chronic obstructive pulmonary disease 

Long-term exposure may accelerate lung-function decline, increase exacerbations, and contribute 

to airway remodelling and emphysematous injury [108]. 

Respiratory infections 

Impaired mucociliary clearance, macrophage dysfunction, and altered antiviral immunity may 

increase susceptibility to bacterial and viral infections [109]. 

Pulmonary fibrosis 

Repeated epithelial injury, transforming growth factor-β activation, fibroblast differentiation, and 

extracellular-matrix accumulation may promote pulmonary fibrosis [110]. 
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Lung cancer 

Oxidative DNA damage, mutagenesis, chronic inflammation, epigenetic alteration, and impaired 

immune surveillance support a causal relationship between particulate pollution and lung 

carcinogenesis [111]. 

Emerging therapeutic and experimental approaches 

Potential research directions include Nrf2 activators, mitochondrial antioxidants, NADPH oxidase 

inhibitors, inflammasome-targeted therapies, ferroptosis inhibitors, and interventions that restore 

autophagic flux [112]. Nutritional strategies involving antioxidant-rich diets and adequate intake 

of omega-3 fatty acids, vitamins, and trace elements have also been investigated [113]. However, 

pharmacological or nutritional interventions must not be presented as substitutes for reducing 

exposure at its source. 

Critical Appraisal of the Evidence 

Although Korean studies demonstrate generally consistent associations between PM₂.₅ and adverse 

health outcomes, causal interpretation requires caution. Exposure misclassification, residual 

confounding, outcome coding, spatial correlation, multiple comparisons, and selective reporting 

may influence results [114]. Greater emphasis should be placed on triangulation across study 

designs, negative-control analyses, quasi-experimental methods, repeated personal measurements, 

and biologically anchored outcome assessment [115], Figure 3. 

 

 
Figure 3. Multilevel prevention of PM₂.₅ exposure in South Korea 

Prevention requires coordinated interventions across national, regional, community, clinical, and individual 

levels. Source-directed measures—including clean-energy transition, industrial emission control, low-

emission transportation, stronger standards, and Northeast Asian cooperation—provide the foundation. 

Community infrastructure, clinical risk management, and personal exposure reduction offer additional 

protection, particularly for susceptible populations. 
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CONCLUSIONS 

PM₂.₅ remains a major environmental and public-health challenge in South Korea despite 

measurable improvements in national air quality. Oxidative stress represents a central mechanism 

through which inhaled particles initiate pulmonary injury and propagate systemic inflammation, 

vascular dysfunction, mitochondrial damage, epigenetic alteration, immune dysregulation, and 

regulated cell death. These interconnected pathways provide biological plausibility for the observed 

respiratory, cardiovascular, neurological, renal, metabolic, reproductive, developmental, and 

carcinogenic consequences of exposure. 

The available evidence supports a transition from an organ-specific understanding of PM₂.₅ toxicity 

toward an integrated multiorgan model of cellular injury. Effective prevention will require 

sustained source reduction, regional cooperation, improved exposure assessment, protection of 

vulnerable populations, and closer integration of environmental information into clinical practice. 

Future Korean research should move beyond particle mass alone and incorporate chemical 

composition, oxidative potential, personal exposure, molecular biomarkers, and health inequalities. 

Such an approach will strengthen causal inference and support more precise, equitable, and 

biologically informed air-quality policies. 
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