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A B S T R A C T

Air pollution and physical inactivity are leading contributors to the global burden of chronic disease and premature mortality. While exercise is a well-established 
stimulus for physiological adaptations and disease prevention, it also transiently increases reactive oxygen species (ROS) production, which function as essential 
signals for metabolic remodeling and cellular resilience. In contrast, exposure to air pollution, specifically fine particulate matter (PM2.5), leads to sustained and 
uncontrolled ROS production, promoting oxidative damage, inflammation, and cardiometabolic dysfunction.

This review examines a critical and under-investigated question: How does exercising in polluted environments affect the redox signaling pathways that mediate 
the health benefits of exercise? We summarize current knowledge at the intersection of exercise physiology, redox biology, and environmental toxicology, with a 
particular focus on the roles of ROS sources, the scavenger system, and downstream physiological responses. By integrating findings from human and animal studies, 
we identify factors such as air pollution sources and level of exposure, exercise intensity, and age that shape redox outcomes. We also identify key knowledge gaps to 
clarify how context-specific redox responses determine whether exercise promotes adaptation or exacerbates pollution-related harm, providing essential insights for 
future mechanistic research and evidence-based public policies.

1. Introduction

Air pollution and physical inactivity are among the most pressing 
public health challenges of the 21st century [1]. Air pollution is now 
recognized as the single most significant environmental risk factor to 
human health, contributing to over 7 million premature deaths annually 
[2] through its effects on the cardiovascular and respiratory systems, 
and on metabolic health [3]. In parallel, insufficient physical activity is a 
major driver of obesity, type 2 diabetes, cardiovascular disease, and 
other non-communicable diseases [4]. Both factors disproportionately 
impact urban populations, and their consequences are projected to in
crease in the next 25 years [5].

While these two challenges are often addressed separately, their 
convergence in real-world settings introduces an additional layer of 
complexity. Physical exercise is one of the most effective interventions 
for preventing and managing chronic diseases [6]. At the cellular level, 
exercise stimulates a transient increase in reactive oxygen species (ROS), 
which serves as a signal to trigger beneficial adaptations [7,8], including 

enhanced mitochondrial function [9], increased antioxidant defenses 
[10], and improved metabolic health [11]. Air pollution, particularly 
the exposure to fine particulate matter <2.5 μm in diameter (PM2.5), also 
elevates cytosolic and mitochondrial ROS, but in a sustained and un
regulated manner that promotes oxidative damage and inflammation, 
leading to aggravated respiratory and cardiometabolic diseases [12]. 
Furthermore, growing evidence indicates that air pollution accelerates 
the development of cardiovascular risk factors, such as hypertension, 
insulin resistance, and obesity [13]. However, it remains unclear 
whether these effects can be mitigated by physical exercise or are 
instead exacerbated when exercise is performed in polluted areas.

This overlap in redox-sensitive pathways raises a critical and 
underexplored question: What happens when exercise is performed in a 
polluted environment? To what extent can the molecular pathways that 
mediate exercise-induced adaptations be altered or impaired by 
pollutant-derived ROS and associated inflammatory signals? This 
paradox, where exercising under conditions of air pollution may 
simultaneously promote and undermine health, has significant 
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implications for both public policies and physiological research. 
Epidemiological data suggest that high pollution levels can attenuate 
[14,15] or even nullify [16] some of the cardiovascular and metabolic 
benefits of physical activity. Yet, the cellular and redox mechanisms 
behind these observations remain poorly understood.

In this review, we examine the literature on the molecular link be
tween exercise and exposure to air pollution, with a focus on redox 
biology. We discuss how transient redox signals mediate exercise- 
induced adaptations, how air pollution exposure alters redox and in
flammatory homeostasis, and how these pathways may interact, syner
gistically or antagonistically, at the cellular level. Clarifying this 
interplay is essential for optimizing exercise recommendations in urban 
and polluted settings, as well as for preserving the full therapeutic and 
preventive potential of exercise in a changing environment.

2. Transient redox signals in the adaptations to exercise

The term ’ROS’ refers to a diverse group of one- and two-electron 
oxidants, such as superoxide anion (O2

•-), hydrogen peroxide (H2O2), 
and hydroxyl radical (•OH), whose distinct chemical properties, 
including reactivity, reduction potential, diffusivity, concentration, and 
subcellular localization, critically influence their biological effects and 
determine the nature of the cellular response they elicit [17,18]. Among 
ROS, H2O2 is established as a signaling molecule due to its low reactivity 
and ability to diffuse across membranes [7,18].

The initial observation that free radical levels increase in skeletal 
muscle during exercise was first reported by Professor Kelvin Davies and 
colleagues [19] and later confirmed by Professor Malcolm Jackson’s 
group [20], establishing a foundational discovery in the field of redox 
biology and exercise physiology. While initially considered a harmful 
byproduct of increased metabolic flux, oxidants were later recognized as 
essential signaling molecules [21], notably after studies demonstrated 
that antioxidant supplementation blunts some of the exercise-induced 
adaptations [11,22,23]. These findings marked a paradigm shift, posi
tioning redox signaling as a mediator of physiological remodeling rather 
than solely as an agent of oxidative stress [7,24].

Subsequent research has aimed to define the subcellular origin, ki
netics, and downstream transduction mechanisms of H2O2 during ex
ercise [7]. Although mitochondria have long been considered the 
primary source of H2O2 during muscle contractions, recent studies using 
genetically encoded, compartment-specific redox biosensors have 
revealed a more nuanced understanding. Henríquez-Olguín and col
leagues demonstrated through redox histology with roGFP-based bio
sensors that cytosolic NADPH oxidase 2 (NOX2) is essential for the 
increase in H2O2 during a single bout of moderate-intensity exercise 
[25] and high-intensity interval exercise [26]. These findings were 
independently confirmed by Kano and colleagues, who used intravital 
imaging with the HyPer7 biosensor during in situ muscle contractions in 
mice to show NOX2-dependent H2O2 production in vivo [27]. Mecha
nistically, NOX2 activation at the sarcolemma induces a rapid and 
transient increase in cytosolic H2O2, which is essential for 
insulin-independent glucose uptake through the translocation of the 
glucose transporter GLUT4 [25], as well as for modulating 
exercise-stimulated gene expression in skeletal muscle [27,28].

Both NOX2 and NOX4 have been implicated in the long-term adap
tations to exercise training [29]. Mice lacking NOX2 display impaired 
mitochondrial remodeling, diminished expression of antioxidant genes, 
and reduced adaptive responses to repeated bouts of high-intensity in
terval exercise, including attenuated improvements in running perfor
mance [26]. NOX4, which is confined to intracellular membranes 
including the sarcoplasmic reticulum and mitochondria-associated 
membranes, is induced by exercise and facilitates ROS-mediated adap
tive responses that support muscle function, preserve redox balance, and 
protect against insulin resistance in the contexts of aging and obesity 
[29]. These findings collectively establish a framework in which tran
sient exercise-induced H2O2, particularly of cytosolic origin, functions as 

a compartmentalized signal that coordinates both immediate and cu
mulative metabolic adaptations [7].

A key unresolved question has been how these redox signals are 
sensed and transduced into durable biochemical changes [30], with 
post-translational modifications of cysteine thiols by H2O2 emerging as 
essential regulatory mechanisms in cell biology [31,32]. In this context, 
the cytosolic peroxiredoxin 2 (PRDX2) may function as a redox-sensitive 
relay that rapidly responds to H2O2 and conveys oxidative signals to 
downstream cysteine-containing target proteins involved in gene 
expression, mitochondrial adaptation, and cellular stress responses 
[33–35]. Notably, Professor Jackson’s group demonstrated that PRDX2 
undergoes rapid and reversible oxidation in response to muscle con
tractions, suggesting its role as a redox relay that conveys oxidative 
signals to downstream cysteine-containing target proteins [35,36]. 
Supporting its functional relevance, PRDX2 is essential for 
exercise-induced adaptations in C. elegans, including mitochondrial 
remodeling and improved lifespan following exercise training [37,38]. 
However, whether similar mechanisms operate in mammalian organ
isms and humans remains to be elucidated. In sum, transient H2O2 
generation during exercise, primarily driven by NOX2 and NOX4, and its 
transduction through redox-sensitive cysteine residues, constitutes a 
pivotal redox signaling axis for skeletal muscle adaptation. This process 
is defined by spatial specificity, temporal precision, and reversible redox 
regulation, distinguishing it from the chronic, unregulated oxidative 
stress induced by overtraining and environmental factors that promote 
inflammation and metabolic dysfunction.

3. ROS as physiopathological signals in air pollution exposure

Air pollution particulate matter (PM) consists of a complex mixture 
of liquid and solid particles released directly into the atmosphere that 
differ markedly in size, chemical composition, and biological impact 
[39]. PM primarily arises from fossil fuel combustion for power gener
ation, transportation, and industrial processes, and is typically catego
rized by aerodynamic diameter into coarse particles <10 μm (PM10), 
fine particles <2.5 μm (PM2.5), and ultrafine particles <0.1 μm (UFP). 
Each PM fraction exhibits distinct deposition profiles within the respi
ratory tract and varying capacities to reach systemic circulation. PM2.5 is 
primarily categorized (and regulated) based on aerodynamic diameter, 
reaching a global average urban PM2.5 concentration of ~35 μg/m3 [40,
41]. Notably, PM2.5 toxicological potential is more closely linked to its 
chemical composition. In particular, the presence of redox-active 
organic compounds (e.g., Polycyclic Aromatic Hydrocarbons, PAHs; 
Polychlorinated biphenyls, PCBs) and transition metals (e.g., Fe, Ni, Cr, 
V) significantly enhances its oxidative potential, which contributes more 
directly to its harmful biological effects than size alone [42]. By acting as 
a carrier for these toxic constituents deep into the respiratory tree, 
inhaled PM2.5 initiates local oxidative stress and inflammatory re
sponses, establishing a vicious cycle that Valacchi and colleagues termed 
’oxinflammation’ [43,44]. This redox-driven upregulation of innate 
immune pathways contributes to the onset and progression of respira
tory diseases, including chronic obstructive pulmonary disease (COPD), 
respiratory infections, and lung cancer, all of which exhibit a positive 
association with ambient PM2.5 levels in human populations [45,46]. 
The effects of PM2.5 can also extend systemically to distal organs [47], 
with proposed transmission mechanisms including the release of in
flammatory mediators and oxidized lipids into the bloodstream, 
together with autonomic nervous system imbalance, which collectively 
promote vascular dysfunction and disrupt tissue homeostasis in the 
periphery [48]. In parallel, UFP can cross the blood–brain barrier, ul
timately accessing the brain and contributing to neuroinflammatory 
responses in polluted environments [49].

Particle oxidative potential refers to the capacity of PM to induce 
oxidative stress in biological systems through enhanced ROS production 
or reactivity with macromolecules. It is most frequently assessed using in 
vitro acellular assays, which quantify the ability of PM samples to oxidize 
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reductants (e.g., dithiothreitol, DTT) or deplete antioxidants (e.g., 
glutathione, GSH) [50]. For a more biologically relevant approach, 
cellular assays evaluating the activation of nuclear factor E2-related 
factor 2 (Nrf2) and the nuclear factor kappa B (NF-κB), typically in 
cell types that are the first to encounter inhaled PM (i.e., alveolar 
epithelial cells and macrophages), are recommended [51]. The chemical 
composition of PM, and thus its oxidative potential, is largely dictated 
by emission sources, such as stationary (power plants, refineries, fac
tories) or mobile (traffic-related, construction). Compared with biogenic 
and crustal sources, anthropogenic emissions yield PM with higher 
oxidative potential [42] and greater health risk [52]. Given the het
erogeneous nature of PM, experimental research uses collected 
Concentrated Air Particles (CAPs), Diesel Exhaust Particles (DEP), Re
sidual Oil Fly Ash (ROFA), and commercially available Standard 
Reference Materials (SRM) provided by the US National Institute of 
Standards and Technology (NIST) [39]. Notably, while particle oxida
tive potential has been associated with acute health effects, the specific 
PM characteristics driving chronic health outcomes remain less well 
defined.

Gaseous co-pollutants, including nitrogen oxides (NOx), sulfur di
oxide (SO2), carbon monoxide (CO), and ozone (O3), further contribute 
to adverse health effects and can act synergistically with PM2.5 during 
air pollution exposure [53]. In urban environments, ground-level O3 is 
formed through complex photochemical reactions between NOx and 
volatile organic compounds (VOCs) in the presence of sunlight, and has 
been linked to both short- and long-term adverse health outcomes [54,
55]. Nitrogen dioxide (NO2) serves as an indicator of traffic-related air 
pollution and has been associated with a wide spectrum of diseases, 
including musculoskeletal disorder [56]. Whether NO2 itself drives these 
associations or reflects the influence of co-pollutants remains uncertain. 
While beyond the scope of this review, the combined impact of other 
environmental stressors, such as noise and light pollution [57], worsen 
the health burden in urban areas [58] and might also influence the 
physiological responses to physical activity.

While the respiratory tract is the first point of contact for airborne 
pollutants, most morbidity and mortality linked to PM2.5 exposure arises 
from cardiovascular diseases (CVD) [59], particularly ischemic heart 
disease (IHD) and stroke, and occurs even at concentrations below 
current air quality standards [60]. O3 seems to act synergistically with 
PM2.5 in their association with CVD mortality, particularly in cities 
located at higher latitudes and with lower annual mean temperatures 
[61]. Over the past decade, it has become increasingly evident that 
PM2.5 may also contribute to CVD pathogenesis at earlier stages, 
including during the development of major risk factors such as hyper
tension, insulin resistance, and obesity [62]. The interplay between 
redox and inflammatory pathways triggered by PM2.5 exposure, and 
their relevance to both CVD and its risk factors, is now well established 
[63,64]. However, although regular physical exercise is fundamental to 
cardiovascular health and the management of CVD risk factors, exer
cising in a polluted environment may attenuate these benefits or even 
prove detrimental [16]. In fact, the bidirectional relationship between 
air pollution and physical exercise remains poorly understood. Given 
that physical exercise often occurs outdoors, understanding the inter
action between PM2.5 exposure and the physiological response to exer
cise is critical.

Current evidence has identified well-characterized mechanisms un
derlying the biological responses triggered by PM2.5 exposure, primarily 
involving oxidative stress and inflammation. In the lung, alveolar 
macrophages readily uptake PM2.5, leading to sustained NOX2 activa
tion and impaired mitochondrial function [65,66]. At early stages, PM2.5 
exposure triggers antioxidant responses mediated by Nrf2, leading to the 
upregulation of superoxide dismutase (SOD) and heme oxygenase-1 
(HO-1) [67]. With sustained exposure, redox disturbances activate 
NF-κB signaling [68], which drives production of inflammatory cyto
kines, such as TNF-α, IL-6, and CCL2, along with NLRP3 inflammasome 
activation and subsequent release of IL-1β and IL-18 [69]. Indirectly, 

PM2.5 induces macrophage inflammation through TLR4 signaling, which 
is triggered by oxidized macromolecules acting as danger-associated 
molecular patterns (DAMPs), such as oxPAPC [70]. Interestingly, 
oxPAPC also promotes hypothalamic inflammation and insulin resis
tance, linking neuroinflammatory responses with altered metabolic 
health following PM2.5 exposure [71]. Together, these findings illustrate 
the complex dose-response relationship between PM2.5 and redox ho
meostasis, where pro-oxidant and antioxidant responses interact 
dynamically [72]. Once antioxidant defenses are overwhelmed, the 
balance shifts toward enhanced leukocyte recruitment in the lungs and 
systemic propagation of inflammatory responses [73].

While most mechanistic insights are derived from murine models, 
evidence for similar inflammatory and oxidative stress profiles has been 
reported in humans. For example, circulating levels of inflammatory 
mediators that positively correlate with PM2.5 exposure include IL-1β, 
TNF-α, IL-6, and CCL2, which promote monocytosis and the upregula
tion of adhesion factors, such as intracellular cell adhesion molecule-1 
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) [74]. In a 
natural experiment, human exposure to PM2.5 has also been associated 
with increased circulating biomarkers of lipid peroxidation [75]. These 
findings, among others, validate the upregulation of local and systemic 
inflammatory and oxidative stress pathways in humans following 
exposure to PM2.5.

Complementing these observations, studies in rodent models have 
demonstrated that PM2.5-driven pulmonary inflammation and oxidant 
production favor leukocyte trafficking and vascular inflammation in the 
periphery [76,77]. In addition, PM2.5-induced endothelial dysfunction is 
aggravated by reduced nitric oxide (NO) bioavailability, attributed to 
NOX2 activation [52] and eNOS uncoupling [78]. Notably, impaired 
vascular redox homeostasis and inflammation have been linked to 
altered vasomotor tone [79] and insulin resistance [72,80] in 
PM2.5-exposed mice, further supporting the systemic dissemination of 
PM2.5 pathophysiological effects. These may be particularly relevant 
during exercise, when vasodilation and perfusion responses are crucial 
for optimal oxygen delivery and muscle function.

Once the response to PM2.5 exposure reaches distal organs, it has 
been associated with inflammation, activation of NOX2 and NOX4, and 
alterations in mitochondrial ultrastructure and function leading to 
increased O2

•- and H2O2 production, together with reduced ATP levels 
[81]. For example, in the heart, these changes have been linked to 
impaired cardiac contractility [81,82], fibrosis [83], enhanced ische
mia/reperfusion injury [73], adverse myocardial remodeling [84], and 
aggravated heart failure [85]. Therefore, exposure to PM2.5 compro
mises myocardial functional reserve, limiting its ability to properly 
adapt to increased cardiac output. Whether this is also the case for 
skeletal muscle under conditions of elevated energy demands, such as 
during physical exercise, is less well understood. Furthermore, exposure 
to PM2.5 promotes macrophage infiltration and increased adiposity in 
white adipose tissue [79,86,87]. In brown adipose tissue, reduced 
glucose uptake and uncoupling protein-1 (UCP-1) expression have been 
associated with decreased energy expenditure in PM2.5-exposed mice 
[86,88]. Given the central role of adipose tissue in energy metabolism 
and thermoregulation, these alterations could also impair exercise per
formance or adaptation.

In summary, exposure to PM2.5 induces redox, inflammatory, and 
metabolic changes that are not only confined to the lung but are also 
evident in key metabolic organs. In the following section, we will 
explore how these pathways interact with physical exercise in both 
directions.

4. Interplay between air pollution and physical activity in 
human cohort studies

Globally, an estimated 70 % of the population engages in regular 
physical activity, emphasizing the importance of understanding its 
physiological consequences under varying environmental conditions 
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[89]. During moderate-to high-intensity physical activity, ventilation 
increases proportionally with intensity, reaching values up to ~15-fold 
greater than at rest [90]. This elevated airflow, coupled with increased 
pulmonary perfusion, may enhance the susceptibility of the respiratory 
tract to inhaled pollutants.

While regular physical activity is widely recognized for its protective 
effects on health, including improvements in cardiorespiratory fitness, 
vascular function, and metabolic regulation [91], these benefits may be 
compromised when exercise is performed in polluted environments 
[92]. Recent large-scale cohort studies have investigated whether reg
ular physical activity can mitigate the adverse health effects of 
long-term exposure to ambient air pollution, particularly fine particulate 
matter. Sun and colleagues [16] analyzed data from over 322,000 adults 
in China to examine how physical activity, through active commuting 
and farming, interacts with long-term PM2.5 exposure. They found that 
physical activity reduced the risk of cardiovascular disease only in areas 
with relatively low air pollution (PM2.5 < 54 μg/m3). In high-pollution 
areas (PM2.5 ≥ 54 μg/m3), these benefits were lost, and in some cases, 
the health risk increased, particularly for stroke among farmers. This 
study suggests that high PM2.5 exposure can offset or reverse the pro
tective effects of physical activity.

In contrast, evidence from Swedish cohorts suggests that habitual 
exercise offers some degree of cardiovascular protection, even in 
polluted environments. In a study of 34,748 adults followed for 12.4 
years, higher residential PM2.5 and PM10 levels were associated with an 
increased risk of first-time IHD, particularly among individuals who 
exercised less than twice per week. In contrast, regular exercise was 
linked to a significantly lower risk of IHD among those exposed to higher 
PM concentrations, suggesting a protective effect of physical activity in 
polluted environments [93]. Subsequently, a complementary analysis of 
2221 individuals with prior IHD or stroke showed that elevated PM2.5 
exposure was associated with increased risk of disease recurrence, but 
only among those with low physical activity levels. Notably, higher 
exercise frequency was paradoxically linked to increased IHD recurrence 
in low-pollution settings, though interaction effects were not statistically 
significant [94]. Together, these studies suggest that regular physical 
activity may mitigate the cardiovascular effects of air pollution, espe
cially in high-exposure settings, but further research is needed to clarify 
the risks of exercise in low-pollution contexts and among individuals 
with prior cardiovascular events.

Similar patterns have emerged for metabolic diseases in Asian co
horts. In Hong Kong, Sun and colleagues [95] reported that higher 
volumes of physical activity, particularly aerobic and traditional Chi
nese exercises, were associated with reduced cardiovascular and respi
ratory mortality regardless of air quality, suggesting that the benefits of 
physical activity outweighed the risks from chronic PM2.5 exposure. In 
Korea, Kim and colleagues [96] observed that moderate to vigorous 
physical activity reduced diabetes incidence across both low/moderate 
and high PM exposure groups, although benefits were slightly attenu
ated in more polluted areas. In Taiwan, Guo and colleagues [97] showed 
that high physical activity and low PM2.5 exposure jointly conferred the 
lowest risk of developing type 2 diabetes, but physical activity remained 
protective even at higher pollution levels.

Collectively, these studies suggest that although air pollution may 
attenuate some of the health benefits of exercise, regular physical ac
tivity remains broadly protective against cardiovascular and metabolic 
diseases, even in polluted environments. However, as these findings are 
based on observational data, controlled experimental studies are needed 
to establish causality and clarify the biological mechanisms underlying 
these interactions.

4.1. Acute physiological responses to exercise in polluted environments in 
humans

One of the primary physiological responses to physical activity is an 
increase in minute ventilation (VE), which rises proportionally with 

exercise intensity [98]. Under polluted conditions, this elevated venti
latory demand promotes greater inhalation and deeper pulmonary 
deposition of airborne particles. In silico lung deposition models for 
emissions from diesel and compressed natural gas (CNG) buses have 
shown that total particle deposition increases approximately 5-fold from 
rest to light exercise (VE: 25 L/min) and about 20-fold during heavy 
exercise (VE: 50 L/min) [99]. These model-based predictions were 
supported by findings from Daigle and colleagues, who reported a 
4.5-fold increase in UFP deposition at 10–25 μg/m3 during 2 h of 
moderate cycling (target VE: 25 L/min/m2 body surface area) compared 
to rest in healthy individuals. In a real-world urban cycling study con
ducted in Vancouver, Canada, particle uptake was 45 % higher on 
high-traffic routes (7.3 μg/m3 PM2.5 and 13.0 μg/m3 PM10) compared to 
residential low-traffic routes (4.4 μg/m3 PM2.5 and 8.8 μg/m3 PM10) 
[100]. Collectively, evidence from simulation models, controlled human 
exposure studies, and real-world observations demonstrates that the 
elevated ventilatory demands of physical activity substantially increase 
the pulmonary deposition of PM.

While exercise increases overall PM deposition, exercise intensity 
may influence the regional distribution of particles within the respira
tory tract. Simulation studies indicate that higher intensities promote 
deposition in the upper airways, moderate intensities in the central 
airways, and sedentary conditions in the lower airways [101]. In 
contrast, Bennett and colleagues [102] reported that exercise can 
enhance bronchial clearance of PM, as shown by reduced retention of a 
radioactively tagged (99mTc) monodisperse aerosol with a median 
aerodynamic diameter of 2.6 μm at 2.5 h after exposure during exercise 
compared with rest. Overall, physical activity intensity, particle depo
sition patterns, and physicochemical characteristics of inhaled particles 
[103] are key determinants of both particle deposition and health out
comes during exercise in polluted environments. Among these factors, 
UFP and PM2.5 pose the highest risk due to their deeper penetration and 
greater potential to elicit oxidative stress and inflammatory responses. 
During moderate to vigorous exercise, oral breathing becomes more 
prominent, bypassing nasal filtration and altering particle deposition 
patterns across the airways. This shift may influence site-specific redox 
and inflammatory responses, allowing greater penetration of fine and 
ultrafine particles into the lower respiratory tract. These considerations 
also carry practical implications for field studies, where mask design and 
fit may determine their effectiveness under high-ventilation conditions.

The physiological consequences of PM accumulation during exercise 
have been examined in a limited number of human studies. In healthy 
adults, a dose-dependent decline in lung function was observed after 
exercise in high-pollution conditions but not under low-PM exposure 
(250,000 vs. 7400 p.m. < 1 μm particles/cm3) [104]. This decline was 
accompanied by reduced nitrate (NO3

− ) and exhaled NO levels, together 
with elevated malondialdehyde (MDA) in exhaled breath condensate, 
suggesting oxidative injury through a peroxynitrite-mediated lipid per
oxidation mechanism [104]. Extending beyond lung function, a 
controlled-exposure study [105] in 10 healthy adults reported increased 
neutrophils in bronchoalveolar lavage (BAL) samples after 1 h of 
intermittent light exercise (VE: 50 L/min) while breathing CAPs 
(23.1–311.1 μg/m3) collected from Cape Hill, North Carolina, US. 
Consistent with this inflammatory response, 13 non-smoking adults 
exposed for 2 h to alternating bouts of 15 min of light exercise in the 
Söderleden road tunnel in downtown Stockholm (64 μg PM2.5/m3 and 
176 μg PM10/m3; 230 μg NO2/m3) showed elevated alveolar macro
phages and lymphocytes in BAL [106].

Real-world evidence supports these experimental data: a field trial 
with 16 moderately trained cyclists in Antwerp (Belgium), found a 
modest but significant increase in circulating neutrophils after 20 min of 
exercise (74 % HRmax) near a highway (24.2 μg PM2.5/m3 and 62.8 μg 
PM10/m3) versus clean indoor air (2.0 μg PM2.5/m3 and 7.6 μg PM10/ 
m3) [107]. Moving from pulmonary to systemic outcomes, another 
outdoor/indoor comparison under an air quality health index (AQHI) 
≥5 (considered a moderate risk) in London, Ontario (Canada), reported 
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that interquartile increases in PM2.5 (mean: 15.2 μg PM2.5/m3) were 
associated with a 5.6 % increase in urinary MDA and impaired cardio
vascular function [108]. Together, these studies show that acute exer
cise in polluted environments exacerbates both airway and systemic 
inflammation, with oxidative stress emerging as a central mechanism.

Not all studies report adverse effects under comparable conditions. 
For instance, in a controlled study, 14 healthy and 12 asthmatic adults 
exercising at moderate intensity (VE: 20 L/min) were exposed to carbon 
UFP levels of 10–50 μg/m3 via a mouthpiece and nose clip system, with 
no significant changes detected in ventilatory or inflammatory param
eters [109]. Likewise, studies with healthy cyclists found no differences 
in the oxidative stress marker 8-OHdG or in sputum IL-6 and CRP [100], 
or in circulating IL-6 and IL-8 levels [110], when comparing a low and 
high traffic-related air pollution exposure in Barcelona, Spain (30.0 μg 
PM2.5/m3 and 67.8 μg PM10/m3 vs. 80.8 μg PM2.5/m3 and 129.7 μg 
PM10/m3).

When specifically considering the effects of gaseous pollutants, in the 
MOSES trial, healthy older adults (55–70 years) performed intermittent 
moderate 15-min exercise while exposed for 3 h to O3 [111]. Despite 
increased ventilation during exercise, no significant effects were 
observed on primary biomarkers of systemic inflammation (CRP, IL-6) 
or oxidative stress (8-isoprostane). However, endothelin-1, a potent 
vasoconstrictor, was significantly elevated after exposure to 120 ppb O3, 
whereas nitrotyrosine, a marker of nitrosative stress, showed a marginal 
decrease. Overall, an acute O3 exposure during exercise did not elicit 
systemic inflammatory responses in healthy older subjects, but 

alterations in endothelial function and redox balance suggest potential 
subclinical vascular effects.

In summary, the current evidence suggests that the interaction be
tween exercise and air pollution is influenced by multiple factors, 
including individual susceptibility, pollutant dose, and the physico
chemical properties of PM. These variables may critically modulate 
redox signaling pathways and inflammatory responses.

4.2. Mechanistic studies using experimental animal models of physical 
exercise and air pollutants

Experimental preclinical models offer a controlled approach to 
examine how exercise modulates oxidative stress, inflammation, and 
cardiovascular function in response to air pollutants. These models help 
identify underlying biological mechanisms and assess how exercise may 
either mitigate or exacerbate pollution-related health effects (Fig. 1). 
This section summarizes key findings, highlighting both protective and 
adverse outcomes of exercise under polluted conditions.

Experimental mouse models have been particularly useful in testing 
whether exercise modifies air pollutant-induced oxidative stress and 
inflammation. For instance, Ávila and colleagues, male Swiss mice un
derwent daily high-intensity swimming for 30 min over 10 days. During 
the final 5 days of training and for additional 5 days afterwards, mice 
received intranasal DEP (30 μg/mouse) derived from São Paulo public 
transport containing 500 ppm sulfur, PAHs, and transition metals. Ex
ercise attenuated DEP-induced lung GSH depletion and normalized 

Fig. 1. Interaction between air pollution and physical exercise. Moderate-to high-intensity endurance exercise increases pulmonary ventilation and perfusion, 
which in polluted environments enhances the deposition and uptake of air pollutants in the lungs. This can lead to enhanced local ROS production and activation of 
alveolar macrophages that promote a systemic pro-inflammatory response. In parallel, endurance exercise also acutely elevates the production of ROS in skeletal 
muscle and other tissues, serving as essential signals for adaptive processes such as improved antioxidant defense, mitochondrial biogenesis, and meta
bolic remodeling.
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levels of pro-inflammatory cytokines (IL-1β, TNF-α, IL-6, IFN-γ) 
compared to sedentary DEP-exposed controls [112].

In a subsequent study, Fan and colleagues trained 7-week-old 
C57BL/6 mice on a treadmill (12 m/min, 25 % incline) for 24 weeks. 
The mice were housed in an ambient air exposure chamber in Shanghai, 
where PM2.5 is enriched in PAHs and transition metals [113]. After each 
training session, mice were exposed for 8 h to either filtered air (mean 
PM2.5: 11.8 ± 4.4 μg/m3) or ambient PM2.5 (mean PM2.5: 71.2 ± 45.0 
μg/m3). In the exercise plus PM2.5 group, NOX4 mRNA expression was 
reduced in skeletal muscle and epididymal white adipose tissue after 4 
months compared to sedentary PM2.5-exposed mice. This reduction 
remained significant in adipose tissue at 6 months. Concurrently, Nrf2 
mRNA expression increased in the exercise group, suggesting an adap
tive antioxidant response. These changes were associated with reduced 
ROS production and preserved redox homeostasis.

Exercise training may help mitigate vascular dysfunction induced by 
PM2.5 exposure. Feng and colleagues investigated this using 6-week-old 
male Wistar rats subjected to a 6-week treadmill protocol, alternating 
between low (17 m/min) and moderate (21 m/min) intensity running 
for 50 min per day, 5 days per week. At week 7, the rats were exposed to 
PM2.5 collected in Beijing, China, via repeated intratracheal instillation 
at a dose of 3 mg/kg body weight. Compared to sedentary PM2.5-exposed 
controls, the exercised rats exhibited reduced plasma HDL oxidation and 
elevated NO levels in the thoracic aorta [114]. These findings suggest 
that regular aerobic exercise enhances antioxidant defenses and pro
motes vascular adaptations that may counteract PM2.5-induced oxida
tive stress and endothelial dysfunction.

Conversely, Mai and colleagues examined how exercise intensity 
influences oxidative stress and inflammation under air pollution expo
sure using 30-day-old B6.129SF2/J mice [115]. Two distinct exercise 
protocols were applied: moderate-intensity training (60 min of swim
ming, 5 days per week, with workload gradually increasing to 4 % by 
week 5) and high-intensity training (initially 20 min per session, 5 days 
per week, with workload increasing to 8 % by week 9 and duration 
extended to 60 min). Mice exposed to PM2.5 received daily intranasal 
instillations of 5 μg PM2.5 collected from São Paulo, primarily from 
mobile sources. After 12 weeks, high-intensity training elevated MDA 
levels in cardiac tissue, irrespective of PM2.5 exposure, suggesting 
increased lipid peroxidation. Despite this, high-intensity exercise 
induced an anti-inflammatory profile, as indicated by a reduced 
extracellular-to-intracellular 70 kDa heat shock protein 
(eHSP70/iHSP70) ratio in plasma. In contrast, moderate-intensity 
training did not significantly alter the eHSP70/iHSP70 ratio and was 
associated only with elevated cardiac MDA.

Age appears to be a relevant factor in modulating redox responses to 
combined exercise and air pollution exposure. Cho and colleagues 
compared young (1-month-old) and old (12-month-old) male C57BL/6 
mice exposed to a transition-metal-rich PM surrogate. Mice received tail 
vein injections (500 μg PM/kg body weight) three times per week and 
underwent endurance training consisting of 30 min of exercise, 5 days 
per week for 8 weeks [116]. In young mice, exercise under PM exposure 
increased serum CAT and SOD activity and reduced MDA levels 
compared to sedentary PM-exposed controls, indicating a protective 
antioxidant response in this group. In contrast, older mice did not show 
this benefit; instead, there was a trend towards a lower antioxidant ca
pacity relative to their younger counterparts.

Together, these findings support a protective role for exercise 
training against PM-induced oxidative stress and inflammation. How
ever, the underlying redox mechanisms remain insufficiently defined, as 
specific ROS species were not directly quantified and the main sources 
were not identified.

Animal studies modeling physical activity in the context of gaseous 
pollutant exposure are scarce, particularly for NOx and SO2. Early work 
reported that exercising while breathing high levels of NO2 and O3 de
creases the resistance to respiratory infections in female CD-1 mice 
[117]. In male Sprague-Dawley rats, enhanced bronchoalveolar 

permeability was observed when exercising during exposure to NO2 and 
O3 compared with rest, which may partially explain this effect [118]. 
Unfortunately, redox and inflammatory mechanisms were not further 
explored in these studies. More recently, Long and colleagues trained 
male Syrian Golden hamsters on a treadmill for 5 weeks, followed by O3 
exposure at 1.0 ppm for 1 h while running on a customized treadmill. 
While no changes were observed in the number of neutrophils in the 
BAL, running during O3 exposure increased BAL F2-isoprostane levels 
without significantly depleting antioxidant defenses [119]. This sug
gests that physical activity may aggravate O3-induced lung oxidative 
stress, with BAL F2-isoprostanes acting as a useful biomarker for moni
toring this interaction. Down this line, Zhao and colleagues trained male 
Wistar rats on a treadmill at 20 m/min for 1 h per day, 5 days per week, 
for a total of 8 weeks, while being exposed to 0.14 ppm O3 twice a week 
[120]. This moderate-intensity exercise induced a physiological 
myocardial hypertrophy, but the intermittent O3 exposure led to path
ological changes and increased inflammation in the heart of exercised 
rats breathing O3. Conversely, Gordon and colleagues trained female 
Long-Evans rats on a treadmill for 10 weeks, followed by O3 exposure at 
1.0 ppm for 5 h on 2 consecutive days [121]. Lung inflammation and 
ventilatory function, together with baseline glycemia, were similarly 
affected by O3 in both sedentary and trained rats. However, glucose 
handling during a glucose tolerance test (GTT) was significantly 
improved in the trained group exposed to O3. Taken together, these 
observations underscore a complex interplay between physical activity 
and O3 exposure, in which exercise training may have a protective 
cardiometabolic effect, but exercising during peak O3 levels (i.e., during 
daylight hours in the afternoon) might be detrimental for the cardiore
spiratory system.

Although preclinical models enable controlled investigation of the 
biological effects of air pollution and exercise, their relevance to real- 
world conditions remains limited. The existing literature reports het
erogeneous findings, largely due to inconsistencies in exposure methods, 
pollutant composition and physicochemical properties, exercise pro
tocols, sampling time points, and experimental settings. This variability 
limits comparability across studies and underscores the need for sys
tematic approaches that better reflect human patterns of exposure dur
ing physical activity. Furthermore, current methods for PM delivery 
often fail to replicate the dynamics of inhalation, potentially altering 
particle behavior and toxicity. To inform effective human interventions, 
future studies should incorporate more physiologically relevant expo
sure systems and focus on precise characterization of the molecular and 
cellular pathways involved.

5. Future directions

Advancing our understanding of how air pollution modulates in
flammatory and redox responses during exercise requires more rigor
ously controlled and mechanistically informed studies in both 
experimental models and human populations. The current evidence base 
is limited by variability in exposure assessment, exercise protocols, and 
outcome measures. Building on the studies reviewed in this paper, we 
outline the following priority areas to guide future research. 

• Standardized and individualized exposure assessment in 
humans: Future studies should be adequately powered and carefully 
designed to monitor and control pollutant load and exposure. 
Inhaled and deposited doses should be quantified using parti
cle–size–specific deposition models and normalized to individual 
factors such as body size, ventilation rate, and different exercise 
modalities. To enable a more personalized approach, incorporating 
at-risk populations and exposome analysis would provide a 
comprehensive assessment of the environmental factors that may 
hinder the health benefits of exercise.

• Mechanistic dissection in experimental models: Preclinical 
studies should prioritize inhalation-based exposure systems over 
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instillation and consistently report a full physicochemical charac
terization of air pollutants, including PM oxidative potential. To 
capture mechanistic insights, experiments should comprehensively 
assess redox changes, antioxidant defenses, oxidative damage, and 
redox signaling pathways within the same tissues. Technologies such 
as genetically encoded redox biosensors, peroxiredoxin dimerization 
assays, and cysteine redox proteomics should be used to resolve 
spatial and temporal aspects of redox stress. Source-specific manip
ulations using pharmacological inhibitors or genetic loss-of-function 
models will be essential to distinguish the contributions of NOX 
enzymes versus mitochondria.

• Integration of functional and physiological endpoints: Beyond 
redox biomarkers, studies should incorporate physiological out
comes relevant to exercise performance and health. This includes 
acute and chronic assessments of ventilatory and cardiovascular re
sponses, inflammatory biomarkers, skeletal muscle blood flow, and 
endurance capacity. Linking redox alterations with functional im
pairments will enhance translational relevance.

• Consideration of potential co-pollutant interactions and local 
factors: In urban environments, multiple air pollutants coexist and 
may act synergistically or antagonistically to influence the effects of 
exercise. The primary sources of PM and gaseous pollutants at the 
exposure site should be systematically characterized and reported. 
Given the heterogeneous and context-specific nature of air pollution, 
locally conducted studies are encouraged to provide more direct 
benefits to the surrounding community. Seasonal and regional vari
ability in pollutant levels, along with methodological factors, should 
also be considered.

• Communication and outreach: Effective dissemination of research 
findings is essential to bridge the gap between scientific advances 
and public health practice. Results should be communicated not only 
to the scientific community but also to policymakers, healthcare 
providers, and the general public in clear and accessible language. 
Collaboration with local authorities can enhance awareness of air 
pollution risks and promote evidence-based exercise recommenda
tions. Outreach strategies should also consider vulnerable groups, 
such as children, the elderly, and patients with cardiometabolic or 
respiratory conditions, ensuring that messages are tailored and 
culturally relevant.

6. Conclusions

Physical exercise and air pollution exert opposing effects on redox 
biology: while adequate physical activity induces transient, compart
mentalized ROS that promote beneficial adaptations, air pollution 
generates sustained oxidative stress that contributes to inflammation 
and disease. These contrasting redox signals converge on shared path
ways, including NOX isoforms, Nrf2, PRDX2, and mitochondria, which 
can mediate either adaptive or detrimental outcomes depending on the 
context. Notably, how this redox tension impacts individuals with pre
existing respiratory or cardiovascular conditions, who are both partic
ularly susceptible to air pollution effects and recommended to engage in 
regular exercise, remains unclear. Furthermore, it is poorly explored 
how other environmental stressors that are highly prevalent in urban 
areas may further influence physiological responses to exercise.

Emerging evidence suggests that pollutant exposure during exercise 
may dampen its health benefits or even exacerbate harm, particularly in 
individuals exposed to high levels of PM2.5. However, the direction and 
magnitude of these effects are influenced by exercise intensity, pollutant 
type, age, and individual fitness. In this regard, high-quality and upda
ted information from local public agencies on air quality is critical for 
proper advice on when best to exercise outdoors or stay indoors. Future 
research should focus on identifying redox thresholds for adaptation 
versus dysfunction, standardizing experimental models, and informing 
public health strategies to preserve the benefits of exercise in polluted 
environments.
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