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A B S T R A C T

Exposure to ambient Ozone (O3) air pollution directly causes by its oxidative properties, respiratory epithelial 
cell injury, and cell death, which promote inflammation and hyperreactivity, posing a significant public health 
concern. Recent clinical and experimental studies have made strides in elucidating the mechanisms underlying 
O3-induced epithelial cell injury, inflammation, and airway hyperreactivity, which are discussed herein. The 
current data suggest that O3-induced oxidative stress is a central event-inducing oxeiptotic cell death pathway. 
O3-induced epithelial barrier damage and cell death, triggering the release of alarmins and damage-associated 
molecular patterns (DAMPs), with subsequent endogenous activation of Toll-like receptors (TLRs), DNA 
sensing pathways, and inflammasomes, activating interleukin-1-Myd88 inflammatory pathway with the pro-
duction of a range of chemokines and cytokines. This cascade orchestrates lung tissue-resident cell activation in 
response to O3 in leukocyte and non-leukocyte populations, driving sterile innate immune response. Chronic 
inflammatory response to O3, by repeated exposures, supports a mixed phenotype combining asthma and 
emphysema, in which their exacerbation by other particulate pollutants potentially culminates in respiratory 
failure. We use data from lung single-cell transcriptomics to map genes of O3-damage sensing and signaling 
pathways to lung cells and thereby highlight potential hotspots of O3 responses. Deeper insights into these 
pathological pathways might be helpful for the identification of novel therapeutic targets and strategies.

1. Background

Ozone (O3) is a highly oxidative pollutant, and while Earth’s upper 
atmosphere levels are required for temperature and climate balance, 
ground-level O3 concentrations are projected to rise due to climate 
change. Climate dynamics and seasonal variations play a crucial role in 
shaping ground-level O3 concentrations, thereby influencing morbidity 
and mortality rates (Orru et al., 2013; Vicedo-Cabrera et al., 2020). 
These variations are driven by factors such as changes in temperature, 
solar radiation, precursor emissions, and meteorological conditions, all 
of which affect the formation, transport, and dissipation of O3 (Sicard 
et al., 2016). Long-term trends indicate a global increase in O3 con-
centrations, particularly in urban and suburban areas. This rise is often 

associated with climate change phenomena, including elevated tem-
peratures and altered wind patterns. O3 levels are generally higher 
during warmer months, such as summer, due to increased sunlight and 
higher temperatures, which intensify photochemical reactions (Sicard 
et al., 2016).

O3 at ground level is a harmful and highly reactive air pollutant, 
inducing oxidative damage that swiftly results in cell injury and death. 
The resultant oxidative stress on the host likely constitutes a primary 
mechanism underlying both cell and tissue injury, accompanied by an 
inflammatory response. Epidemiological modeling comparing the O3 
emission in the decade of 1990–2009 with the baseline period of 
1961–1990, showed a most significant increase in O3-associated mor-
tality and morbidity due to climate change (4–5 %) occurred in Belgium, 
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Ireland, the Netherlands, and the UK (Orru et al., 2013). Prolonged 
exposure to O3-polluted air is associated with increased morbidity and 
mortality associated with respiratory diseases (Kasdagli et al., 2024), 
along with heightened responses to microbial or allergen challenges 
(Hollingsworth et al., 2010; Last et al., 2004; Liang et al., 2013; Orru 
et al., 2013; Vicedo-Cabrera et al., 2020).

Recent investigations have unveiled that cellular injury generates 
damage-associated molecular patterns (DAMPs) such as ATP, uric acid 
(UA), hyaluronic acid (HA), heat shock protein 70 (HSP70), and others. 
These DAMPs activate pattern recognition receptors (PRRs) such as 
NLRs or TLRs (Iwasaki and Medzhitov, 2010; Kawai et al., 2024; 
Medzhitov, 2001; 2021). Evidence suggests that TLR2 and TLR4 may be 
implicated in O3-induced inflammation (Williams et al., 2007). Hyal-
uronic acid, a degradation product of matrix components, and HSP70, 
generated by O3-induced tissue damage, may potentially activate TLR4 
(Bauer et al., 2010; Li et al., 2010; Li et al., 2011). Downstream, the TLR 
adaptor proteins MyD88 and TIRAP are indispensable for the inflam-
matory response (Li et al., 2011), as they activate transcription factors 
like NF-κB to regulate cytokine gene expression.

Alarmins, including IL-33 (Interleukin-33), IL-1α (Interleukin-1α), 
and HMGB1 (high mobility group Box-1 protein), are signaling mole-
cules released by damaged or stressed cells that alert the immune system 
to potential threats or injury (Bertheloot and Latz, 2017). Unlike tradi-
tional cytokines that are often involved in the immune response to 
pathogens, alarmins are released from the nucleus or cytosol without de 
novo synthesis as a result of cellular stress or damage, and they act as 
danger signals to prompt the body’s defense mechanisms (Bertheloot 
and Latz, 2017), triggering a cascade of events that lead to increased 
immune surveillance and repair processes.

In contrast to IL-1α, IL-1β release requires a two-step process, with an 
initial engagement of pathogen recognition receptors (PRR) to induce 
IL1b gene expression, followed by inflammasome activation for IL-1β 
protein maturation and secretion. IL-1β is a potent inflammatory 
mediator induced by bacterial infection and tissue injury (Dinarello, 
2009). Recent investigations have elucidated the involvement of the 
NLRP3 inflammasome complex in the response to O3 (Michaudel et al., 
2016), as further discussed later.

Therefore, the primary objective of this review is to synthesize 

current evidence on the respiratory health effects of O3 exposure, 
focusing on the biological and immunological mechanisms of epithelial 
barrier cell death and related inflammatory pathways, vulnerable pop-
ulations, and the role of co-exposure to other pollutants in lung disease 
development. By providing a comprehensive understanding of O3- 
associated respiratory risks, we also highlight gaps in the literature to 
guide future research and therapeutic strategies.

2. O3 exposure induces respiratory and systemic toxic effects

O3 exposure has been shown to induce both respiratory and systemic 
toxic effects, contributing to significant physiological and pathological 
changes across multiple organ systems. O3 exposure is strongly associ-
ated with respiratory issues, reduced lung function and increased risk of 
respiratory infections. It induces oxidative stress and inflammation in 
the airways, leading to tissue damage and impaired pulmonary function 
(Kasdagli et al., 2024; Kim et al., 2011; Kim et al., 2020). Inhaled O3 has 
a significant causative impact on hospitalization rates for both upper 
and lower respiratory diseases. Moreover, the harmful effects of ozone 
on human health vary based on gender and age. Females appear to be 
more susceptible to inhaled ozone than males, likely due to the influence 
of estrogen levels and the differential regulation of the lung immune 
response (Lu and Yao, 2023).

O3 exposure has extensive multi-organ systemic effects on human 
health, impacting the cardiovascular, neurological, and renal systems. 
The underlying mechanisms primarily involve oxidative stress and 
inflammation, which can contribute to both acute and chronic health 
conditions. O3 exposure has been associated with cardiovascular dis-
eases, such as hypertension, myocardial infarction, and stroke, through 
the promotion of systemic inflammation, which can damage blood 
vessels and impair cardiac function (Cole and Freeman, 2009; Day et al., 
2017; Sun et al., 2024; Wang et al., 2019). Long-term O3 exposure has 
recently been associated with an elevated risk of cardiovascular disease 
incidence in Chinese adults, especially in urban areas (Zhu et al., 2024). 
Emerging evidence indicates that O3 exposure may adversely affect the 
central nervous system, contributing to cognitive decline, neuro-
inflammation, and an elevated risk of neurodegenerative diseases, such 
as Alzheimer’s disease (Gao et al., 2022; Kilian and Kitazawa, 2018; 

Box-1
Putative therapeutic targets for pulmonary inflammation induced by O3 exposure.

• TNF neutralization presents a potential option; however, it may lead to systemic reductions in host defense and innate immunity.
• The blockade of IL-1 using available neutralizing antibodies and the IL-1 receptor antagonist (Anakinra) has been explored. However, findings 

from clinical trials suggest limited efficacy.
• Neutralizing antibodies targeting IL-23 and IL-17A are currently available. However, their use may lead to reduced host resistance to fungal 

infections.
• TLR4 antagonists may be considered (Peri and Piazza 2012; Zhang et al., 2022).
• Dampening of NRP3 inflammasome activation using inhibitors such as MCC950 (Coll et al., 2015; Haag et al., 2018; Hooftman et al., 2020)
• Blockade of nucleic acid sensor activation, notably cGAS/STING, using antagonists (Haag et al., 2018).
• Aryl hydrocarbon receptor activation by microbial tryptophan metabolites and more (Hezaveh et al., 2022)
• Blockades of cholinergic pathways activated based on ChAT reporter and cell-specific KO mice support the beneficial effect of cholinergic 

pathways (Yamada and Ichinose 2018).
• Blockade of muscarinergic pathways such as Tiotropium and related analogs has been efficacious in COPD patients (Bateman et al., 2009; 

Kerstjens et al., 2016; Kistemaker et al., 2019; Tashkin et al., 2016; Wollin and Pieper 2010).
• ROS inhibitors such as N-acetyl cysteine and hydrogen disulfide attenuate O3 inflammation reviewed (Wiegman et al., 2020).
• Microbial metabolites, such as butyrate activating GPR109A/HCAR2, attenuate inflammatory diseases (Correa et al., 2022; Lewis et al., 

2019).
• Histone modulators such as histone deacetylases (HDAC) may be another approach using HDAC inhibitors (Fellows and Varga-Weisz 2020).
• DNase treatment, as cell-free DNA is highly inflammatory and released upon cell death. In particle-induced lung injury, enzymatic degra-

dation of DNA by DNase I reduced inflammation (Liu et al., 2023; Yadav et al., 2023).
• Inhibitors suppressing myofibroblast transdifferentiation, such as N23Ps (N-(2-methoxyphenyl)-3-(phenyl)acrylamides) and derivatives are 

novel compounds suppressing myofibroblast transdifferentiation, collagen deposition, and fibrosis. N23Ps target SMURF2, a SMAD-specific 
E3 ubiquitin protein ligase2 (Gerckens et al., 2021).
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Singh et al., 2022a). Recent studies have identified O3 as a potential risk 
factor for kidney disease, inducing systemic inflammation, and may 
contribute to renal damage and impaired kidney function (Kim et al., 
2024; Peng et al., 2024). Therefore, O3 exposure affects multiple organs 
and poses a significant health risk.

The respiratory system is the primary route of O3 exposure, making it 
the most directly and acutely affected system. As the second largest 
mucosal area, the lungs play a critical role in immune responses to 
environmental insults (Hasenberg et al., 2013; Kageyama et al., 2024; 
Mettelman et al., 2022), such as O3 (Sokolowska et al., 2019). Sub-
stantial evidence links O3 exposure to respiratory outcomes, including 
asthma and chronic obstructive pulmonary disease (COPD) exacerba-
tion, and other conditions (Chou et al., 2023; Li et al., 2019; Yang et al., 
2024). Revisiting O3′s functional, inflammatory, and morphological ef-
fects in an experimental mouse model is essential to verify that it reflects 
previous studies of human volunteers (Mauderly, 1984). Clinical studies 
indicate that approximately 50–90 % of inhaled O3 is deposited in the 
upper airways due to its high reactivity with airway lining fluid and 
mucus (Gerrity et al., 1995; Hu et al., 1994). The upper airways pre-
dominantly absorb inhaled O3, particularly during nasal breathing. 
However, uptake in the lower conducting airways increases with higher 
respiratory flow rates, while O3 reaches the alveolar regions at signifi-
cantly lower concentrations. For ambient O3 concentrations of 100 parts 
per billion (ppb), the amount reaching the lower respiratory tract is 
estimated to range from 10 to 30 ppb, depending on variables such as 
breathing mode and physical activity level (Gerrity et al., 1995; Hu 
et al., 1994). Because of its limited water solubility, inhaled O3 passes 
the upper airways without much effect and reaches the lower respiratory 
tract with its fragile alveolar region, where it dissolves in the lipid-rich 
epithelial lung lining fluid. A single exposure to O3 causes acute lung 
injury characterized by damage to the thin respiratory epithelial barrier, 
resulting in protein leakage and the release of inflammatory mediators, 
leading to neutrophil recruitment. The respiratory epithelium is the 
initial structure exposed to O3, often experiencing cell stress and death 
as a consequence (Sokolowska et al., 2019).

However, various resident cells that compose the epithelial sheet are 
potential targets of the O3-reactive species triggering cell death and 
inflammation, as depicted in Fig. 1. Data from single-cell RNAseq 
(scRNAseq) analysis of either healthy human lungs (Fig. 1A-B) or mice 
lungs (Fig. 1C-D) enables us to map the expression of the previously 
discussed receptors, DAMPs, or alarmins to resident cells of different 
lung niches. For the data selected, the classifications of cell types were 
better characterized in human lungs, showing increased complexity of 
cell populations compared to mouse lungs (Fig. 1A-D). This pool of lung 
resident cells is composed of leukocytes and stromal cells, including 
alveolar macrophages, dendritic cells, innate lymphoid cells, T and B 
cells, as well as underlying Type 1 and 2 epithelial cells, vascular 
endothelial cells, pericytes, fibroblasts, smooth muscle cells, and other 
populations (Fig. 1A-D). Identifying cell types with high expression 
levels of the correspondingly O3-induced damage sensing or signaling 
proteins allows us to nominate candidate cells and hotspots for the un-
derlying pathways.

Damage to alveolar epithelial cells results in cell injury and protein 
leakage into lung lining fluid, as assessed clinically and experimentally 
by bronchoalveolar lavage (BALF) and the release of a multitude of 
mediators such as alarmins (IL-1α, IL-1β, IL-33, HMGB1, DAMPs (ATP, 
dsDNA, mtDNA), Cytokines (IL-6, IL-17, TNF-α and amphiregulin), 
leukotrienes, prostaglandins, and chemokines. These mediators attract 
neutrophils, monocytes, lymphocytes, and other inflammatory cells to 
the injury site. As we depicted in Fig. 1, by scRNAseq analysis of human 
samples, a range of lung resident cells from healthy individuals ex-
presses alarmins, DAMP receptors, and inflammasome components, 
such as IL-33, HMGB1, RAGE, amphiregulin, IL-1β, IL-18 and PYCARD 
(Fig. 1B), and the same is observed in mice (Fig. 1D). Thus, suggesting 
that lung-resident cells, including both leukocytes and non-leukocytes, 
can initiate responses to O3 and other pollutant-induced insults. 

Notably, the chronic O3 activation of these pathways may contribute to 
lung dysfunction and tissue remodeling.

Most studies investigating the innate immune response to O3 have 
predominantly focused on the effects of acute exposure, particularly 
concerning cell death. However, research examining the impact of 
chronic O3 exposure remains comparatively limited. Experimental evi-
dence indicates that acute and chronic O3 exposure produces distinct 
functional and morphological alterations in the lungs of mice 
(Michaudel et al., 2018a). Acute O3 exposure disrupts respiratory 
epithelium integrity, resulting in protein leakage and neutrophil 
recruitment into the bronchoalveolar space. This leads to lung inflam-
mation and airway hyperresponsiveness. These effects are exacerbated 
with chronic O3 exposure, which is also associated with collagen 
deposition (Michaudel et al., 2018a). The structural changes in the 
airways, as quantified through automated numerical image analysis, 
reveal significant differences between acute and chronic exposure. 
Acute O3 exposure increases bronchial and lumen circularity while 
decreasing epithelial thickness and area. In contrast, chronic O3 expo-
sure results in epithelial injury, characterized by reduced epithelial 
height, distended bronchioles, enlarged alveolar spaces, and increased 
collagen deposition. These findings suggest the development of peri-
bronchiolar fibrosis and emphysema, as evidenced by a significant in-
crease in airspace density and diameter and a reduction in airspace 
numbers (Michaudel et al., 2018a).

Recent studies further suggest that chronic O3 exposure induces 
significant changes in the gut and lungs’ microbial composition. These 
microbial alterations are associated with elevated lung inflammatory 
markers, impaired pulmonary function, and an increased risk of lung 
diseases (Tian et al., 2024). Although there is evidence linking ground- 
level O3 exposure to a heightened risk of disease, the effects of low-dose 
chronic O3 exposure on diverse tissues remain poorly understood. Ling 
and colleagues demonstrate that prenatal exposure to environmentally 
relevant levels of O3 may exacerbate autism symptoms, potentially 
through molecular mechanisms that provide novel insights into the 
pathogenesis of autism, particularly in relation to low-dose pollutant 
exposure (Ling et al., 2023). Moreover, repeated inhalation of O3 has 
been shown to induce oxidative stress, adipose tissue inflammation, and 
insulin resistance (Zhong et al., 2016), and O3 exposure tended to 
aggravate HFD-induced disturbances in lung glycerophospholipid 
metabolism (Liang et al., 2024). These findings suggest that the toxicity 
of chronic O3 exposure extends beyond the lungs, affecting multiple 
organ systems.

We have investigated the chronic effects of O3 exposure on lung 
immune response in mice (Michaudel et al., 2020; Michaudel et al., 
2018a; Pinart et al., 2013). Chronic exposure to O3, such as twice weekly 
at 1.5 ppm for 90 min in mice, induces repeated episodes of inflam-
mation, leading to the progressive destruction of alveolar epithelial cells 
and the development of emphysema within six weeks (Michaudel et al., 
2020; Michaudel et al., 2018a; Pinart et al., 2013). This pattern closely 
resembles that found in patients with chronic obstructive pulmonary 
disease (COPD). Of importance, the expression of these markers (alar-
mins, DAMPs, and inflammasome) in healthy mouse lungs can define the 
cell gene signatures, suggesting that in an eventual tissue injury, these 
cells (Fig. 1E) can trigger the acute inflammation upon O3 exposure, and 
chronicity by repeated exposure to O3.

Recurrent ozone O3 exposure can cause significant changes in the 
immune system, potentially altering responses to subsequent exposures 
to allergens and pollutants sustaining immune tissue adaptation (Faria 
et al., 2017), a type of tissue immune activation, differentiation, and 
memory. These changes are driven by oxidative stress, immune pathway 
modulation, and epigenetic reprogramming. O3-induced oxidative stress 
primes the immune system, particularly alveolar macrophages (Frush 
et al., 2016), dendritic cells (Hollingsworth et al., 2010), and neutrophils 
(Rocks et al., 2019), which become hyper-responsive to subsequent 
stimuli. ROS can enhance antigen-presenting cell activity, increasing 
sensitization to allergens (Cohen et al., 2001). TLR4 signaling is a key 
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pathway activated by O3. This pathway bridges innate and adaptive 
immunity, promoting the release of IL-1β, IL-6, and TNF-α. TLR4 
signaling is critical in the exaggerated inflammatory responses in 
allergic and pollutant-exposed individuals (Dunigan-Russell et al., 2023; 
Peden 2011; Tian et al., 2021; Williams et al., 2007). Epigenetic 
changes, such as modifications in microRNA (miRNA) expression, play a 
critical role in O3-induced immune adaptation. MicroRNAs are small 
non-coding RNAs that regulate gene expression post-transcriptionally, 
affecting immune cell function and inflammation. O3 exposure upre-
gulated miRNAs linked to inflammation, such as miR-223 and miR- 
199a. These miRNAs regulate genes involved in immune cell recruit-
ment, cytokine production, and tissue remodeling (Fry et al., 2014). This 
suggests that recurrent O3 exposure may lead to adaptive changes in 
immune response, potentially altering subsequent reactions to pollut-
ants or allergens. This insight emphasizes the long-term implications of 
chronic exposure for respiratory health and immune function.

2.1. ROS as a major driver of O3-induced cell death by oxeiptosis

Reactive oxygen species (ROS) generated by O3 exposure induce 
inflammation and cell death in mice or cells, as outlined in the review 
(Wiegman et al., 2020). O3 exposure leads to the production of reactive 
oxygen species (ROS), including superoxide anions (O2•− ), hydrogen 
peroxide (H2O2), and hydroxyl radicals (•OH), which play pivotal roles 
in oxidative stress and cellular damage. These highly reactive molecules 
are generated when O3 reacts with biological macromolecules and lipids 
in the respiratory tract lining fluid. The resulting oxidative burst con-
tributes to inflammation, tissue injury, and the activation of redox- 
sensitive signaling pathways, and these ROS species can propagate 
damage by triggering lipid peroxidation and altering protein structure 
and function (Byvoet et al., 1995; Kudo et al., 1996; Pryor 1994; 
Wiegman et al., 2020), thereby amplifying the pathological effects of O3 
exposure.

Oxidized phospholipids (oxPLs) are classified as damage-associated 
molecular patterns (DAMPs) produced in response to high levels of 
oxidative stress, such as that induced by O3-mediated inflammation. 
These molecules exert their effects by signaling through scavenger re-
ceptors (SRs), including SR class B-1 (SR-BI), and toll-like receptors 
(TLRs). Notably, SR-BI is critical in mitigating oxPAPC-induced lung 
pathology by maintaining lipid homeostasis (Dunigan-Russell et al., 
2023). Chronic O3 exposure has been linked to elevated levels of che-
mokines and cytokines across all O3-exposed groups, highlighting the 
establishment of a persistent inflammatory environment in the lungs. 
This inflammatory state is further associated with upregulated gene 
expression of several HIF-1α target genes, such as Hdac2 (histone 
deacetylase 2), Vegf (vascular endothelial growth factor), Keap1 (kelch- 
like ECH-associated protein 1), and Mif (macrophage migration inhibi-
tory factor) (Wiegman et al., 2014). These findings suggest that the 
disruption of the antioxidative stress response, alongside the activation 
of the HIF-1α pathway, contributes to the chronic inflammatory 

response and the development of emphysema observed in O3-exposed 
mice (Wiegman et al., 2014). Thus, suggesting that the loss of the 
antioxidative stress response, coupled with the activation of the HIF-1α 
pathway (Wiegman et al., 2014), contributes to the inflammatory 
response and the development of emphysema observed in O3-exposed 
mice.

We further investigated the ROS-induced cell-death signaling 
pathway, elucidating its interactions with the cellular ROS sensor and 
antioxidant factors NRF2 and KEAP1, the phosphatase PGAM5, and the 
pro-apoptotic factor AIFM1 (Holze et al., 2018). Pgam5-/- mice exhibited 
exacerbated lung inflammation and increased levels of proinflammatory 
cytokines following exposure to O3, resulting in heightened virus infil-
tration, lymphocytic bronchiolitis, and reduced survival rates among 
Pgam5-/- mice. We coined this pathway ’oxeiptosis’ as a ROS-sensitive, 
caspase-independent, non-inflammatory cell-death pathway crucial for 
inflammation induced by ROS or ROS-generating agents, such as viral 
pathogens and O3 (Holze et al., 2018; Scaturro and Pichlmair, 2018). 
Although low ROS levels are required for homeostatic functions 
(Scaturro and Pichlmair, 2018), however, elevated ROS levels trigger 
oxeiptosis, a PGAM5 phosphatase-dependent AIFM1 dephosphorylation 
triggering chromatin condensation and DNA degradation, with subse-
quent cell death (Fig. 2A). Reanalyzing the public deposited RNAseq 
datasets from two different protocols (Fig. 2B), acute evaluating days 1 
and 4 after single O3 exposure (GSE161538), or chronic by three 
consecutive weeks of O3 exposure (GSE156799) (Fig. 2C-F), the differ-
ential expression highlighted that Nfe2l2 and Aimf1 were significative 
up-regulated 4 days after single O3 exposure (Fig. 2E) and repeated O3 
exposure during three weeks (Fig. 2F), suggesting that oxeiptosis can be 
involved lately after a single and chronically by repeated O3 exposure 
(Fig. 2G). Despite being characterized as non-inflammatory cell death, 
we need to consider that chronic inflammation by repeated O3 exposure 
and oxeiptosis may contribute to chronic tissue inflammation and 
remodeling, but this needs to be experimentally confirmed.

2.2. Exacerbation of airway diseases by O3 exposure

Epidemiological and experimental studies provide evidence sup-
porting a correlation between air pollution and heightened incidence 
and severity of airway diseases. The most affected pathologies are 
chronic obstructive pulmonary disease, lung cancer, and respiratory 
infections, including pneumonia, stroke, and heart disease (Bala et al., 
2021). The adverse effects of O3, nitrogen oxides (NOx), sulfur dioxide 
(SO2), and particulate matter (PM) are well-documented. Recent in-
vestigations, particularly in urban and industrialized regions, have 
indicated a potential role for pollutants in the pathogenesis of asthma 
and COPD (Kelly and Fussell, 2011). Exposure to ambient O3 and 
household air pollution might be important risk factors for COPD among 
young adults, and simultaneous exposure to high levels of the two pol-
lutants may intensify their individual effects (Xing et al., 2023). Recent 
findings suggest a potential causal relationship between long-term 

Fig. 1. Lung-resident cell signatures from healthy humans and mice revealed that they can prompt response to tissue injury by DAMP and Alarmin expression. 
Visualization of dimension-reduced single-cell transcriptomic data (scRNAseq) by Uniform Manifold Approximation and Projection (UMAP) reveals different an-
notated cell types in the human lung (A) and in the mouse lung (C). UMAP embedded visualization of “DAMP and Alarmin signaling” and “Inflammasome and 
Interleukin-1 signaling” related gene expression in human lung cells (B) and in mouse lung cells (D). Cell gene signatures from UMAP embedded visualization of 
related gene expression in healthy mouse lung cells (E). Single-cell transcriptomic data analysis from both human and mouse healthy lungs was performed in the 
study to map target genes in the “DAMP & Alarmins pathway” and “Inflammasome & Interleukin1 pathway” to major expressing cell types. Briefly, human lung 
single-cell data was taken from the integrated Human Lung Cell Atlas (HLCA) core, including data from healthy lung tissue from 107 individuals. The data was 
downloaded via cellxgene (https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293). Mouse lung single-cell data is downloaded 
under GEO accession (GSE185006) containing mice exposed to filtered air (FA) or cigarette smoking for 2 and 4 months to establish a murine COPD model. For our 
current study, only data from 6 lungs from mice exposed to FA were included to represent healthy lungs (Gunes Gunsel et al., 2022; Sikkema et al., 2023). According 
to both accessions, a processed data file (h5ad format) was downloaded, which was performed with quality control, graph-based clustering, and cell-type annotation. 
Data analysis was performed using the Scanpy package (version 1.8.0). To visualize different cell types or cell niches in both human and mouse healthy lungs, the 
plotting function of “scanpy.pl.umap” was used, shown by a Uniform Manifold Approximation and Projection (UMAP). On each UMAP, clusters with different colors 
display different cell types with labeled names for either human or mouse healthy lungs. The plotting function of “scanpy.pl.dotplot” was used to visualize target gene 
expression. The dot size represents the fraction of cells in the treatment group, and the color represents the gene’s mean expression in the treatment group.
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exposure to high-level ambient O3 and increased risks of adult-onset 
asthma (AOA) (Su et al., 2024).

Moreover, in mice, O3 exposure exacerbated acute respiratory 
distress syndrome (ARDS) and acute lung injury (ALI) induced by 
endotoxin (Johnston et al., 2005a; Johnston et al., 2002). Hence, the 
allergen response was examined in O3-exposed mice, which exhibited 
heightened allergic asthma characterized by increased airway hyper-
responsiveness, elevated recruitment of neutrophils and eosinophils in 
the BALF, and intensified lung inflammation marked by augmented 
goblet cells, myofibroblasts, and smooth muscle cells (Jang et al., 2006). 
Respiratory viral infections have been shown to exacerbate asthma (Kim 
et al., 2013; Kim et al., 2012). Cumulative research indicates that 
various ambient air pollutants can exacerbate pulmonary fibrotic pro-
cesses. Notably, epidemiological studies have revealed a significant as-
sociation between prolonged exposure to elevated levels of O3 and 
nitrogen dioxide and an increased risk of acute exacerbations in in-
dividuals with idiopathic pulmonary fibrosis (Johannson et al., 2014).

2.3. Co-exposure of O3 with other air pollutants

In urban life, exposure to the air pollutant O3 often coincides with 
episodes of high particle and toxic gas concentration, and both are 
associated with increased respiratory symptoms and hospital admis-
sions. Many pollutants are commonly found in combination with O3, 
such as particulate matter (PM2.5 and PM10), nitrogen dioxide (NO2), 
and sulfur dioxide (SO2). Positive associations were found between 
short-term exposure to ambient SO2 and all-cause and acute respiratory 
mortality (Orellano et al., 2021). Daily air pollution exposure (mostly 
NO2, PM2.5, and O3) is positively associated with an increase in short- 
acting beta-agonist (SABA) use in patients with asthma and COPD (Su 
et al., 2024). Short-term ambient NO2 and PM2.5 exposure are associ-
ated with increased exacerbation in patients with mild to moderate 
COPD, further heightening the awareness of non-infectious triggers of 
COPD exacerbations (Ross et al., 2023). Exposure to O3, NO2, and SO2 
significantly impacts COPD hospitalization caused by air pollution 
(Ghanbari Ghozikali et al., 2016). Recent studies suggest that increased 
exposure to air pollutants may be linked to various health issues in in-
dividuals with ILDs, revealing a significant association between the 
increased risk of AE-IPF induced by PM2.5 (Lan et al., 2023). In the IPF- 
PRO Registry, long-term exposure to PM2.5 was associated with worse 
quality of life and lung function of patients, increasing the severity of IPF 
manifestation (Sack et al., 2024).

Pollutants are commonly found in combination, and the presence of 
O3 potentiates the toxic effects on airways, promoting an exacerbated 
inflammatory response. Co-exposure to O3 and PM2.5 has been shown to 
amplify lung inflammatory responses. In animal studies, combined 
exposure led to increased levels of pro-inflammatory cytokines like TNF- 
α and interleukin-6, along with more significant lung tissue damage 
compared to exposure to either pollutant alone (Gangwar et al., 2020). 
Diesel exhaust particles contain a mix of pollutants, including NO2 and 

black carbon. Exposure to diesel exhaust has been linked to increased 
oxidative stress and inflammation in the respiratory tract, which can be 
exacerbated by the presence of O3 (Long and Carlsten, 2022). Experi-
mental studies in rodents have shown that co-exposure to O3 and diesel 
exhaust particles (DEP) can synergistically affect lung disease, exacer-
bating their symptoms (Farraj et al., 2010; Hathaway et al., 2021; 
Majumder et al., 2023). Apparently, DEP can incorporate O3 into its soot 
matrix, thereby activating its reactivity, which might present a mecha-
nism for how ambient O3 concentrations may increase the toxicological 
potency of DEP (Madden et al., 2000). Simultaneous inhalation of O3 
and ultrafine carbon black particles has been associated with heightened 
lung inflammation and functional decline. This co-exposure triggers 
oxidative stress pathways, leading to epithelial injury and subsequent 
inflammatory responses (Majumder et al., 2021). Other studies have 
demonstrated that O3-oxidized black carbon, a prominent constituent of 
urban air pollution, is particularly toxic, with a stronger potency to 
induce IL-6 and IL-33 release and lung damage in mice as compared to 
black carbon (Chu et al., 2018). While NO2 alone has mild inflammatory 
effects at standard ambient concentrations, its presence can enhance the 
respiratory effects of other pollutants. For instance, NO2 can act as an 
adjuvant, increasing the sensitivity of the airways to allergens and other 
irritants, potentially amplifying the harmful effects of O3 (Guarnieri and 
Balmes, 2014). SO2 exposure primarily causes bronchoconstriction, 
especially in individuals with asthma. When combined with O3, there is 
a potential for increased airway responsiveness and inflammation, 
leading to more severe respiratory symptoms (Guarnieri and Balmes, 
2014). Therefore, the synergistic interactions between O3 and other air 
pollutants can significantly enhance lung inflammation and damage, 
exacerbating lung pathology manifestation. These combined exposures 
pose a greater risk to respiratory health than individual pollutants alone, 
underscoring the importance of comprehensive air quality management 
strategies.

2.4. Chronic obstructive pulmonary disease with inflammation, 
emphysema, and fibrosis

COPD represents a significant public health concern, which has been 
investigated by our team and others for over a decade, from cigarette 
smoke and particulate matter to O3 exposure. Chronic O3 exposure 
induced mixed Th2 and Th17 immune responses. O3 inhalation during 
allergic sensitization coalesces in generating a significantly worse Th17 
asthmatic phenotype (Hussain et al., 2024). The increased release of IL- 
17 and IL-1β, and the activation of p38 MAPK in the lungs of ozone- 
exposed mice are dependent on IL-17R signaling, underlying the in-
crease in airway hyperresponsiveness induced by ozone exposure 
(Pinart et al., 2013). O3-induced upregulation of Th2-related cytokines 
and neutrophil chemoattractants (Bosson et al., 2003). Repetitive 
ambient O3 exposure led to early and exaggerated pulmonary inflam-
mation and remodeling of distal and interstitial airspaces and the acti-
vation of Th2 inflammatory and profibrotic pathways (Wagner et al., 

Fig. 2. Ozone (O3)-exposure induced acute and chronic alterations in mice lungs: Role of oxeiptosis, alarmins, DAMPs, and inflammasome pathways. O3-induced 
oxeiptosis is a caspase-independent, ROS-sensitive cell death pathway distinct from traditional apoptosis (A). This pathway involves the key molecules NRF2, KEAP1, 
PGAM5, and AIMF1. Oxeiptosis occurs by disrupting the protective antioxidant complex KEAP1/PGAM5/NRF2, releasing NRF2 and the phosphatase PGAM5, which 
activates AIFM1. PGAM5, in response to oxidative stress induced by O3, dephosphorylates AIFM1, a pro-apoptotic factor that is a terminal effector protein. 
Dephosphorylated AIFM1 is translocated from mitochondria to the nucleus, which induces chromatin condensation, DNA fragmentation, and cell death. Experi-
mental design of O3-induced lung injury and RNAseq of lung tissue (B), characterized as acute (single O3-exposure, GSE161538) and chronic (multiple O3-exposure, 
GSE156799) models. RNAseq analysis showing RNA differential expression comparing O3-exposure normalized by exposure to filtered air from GSE161538 (Single 
O3 2 ppm 3 h, n = 7 filtered air-exposed and 4 O3-exposed mice) and GSE156799 (O3 0.8 ppm 4 h/day, during 3 weeks, n = 8 filtered air and 8 O3-exposed mice) (C- 
F). Heatmap of RNAseq expression (C), RNAseq differential expression of acute model Day 1 (D) and Day 4 (E) after a single O3-exposure (GSE161538), and chronic 
model after 3 weeks (F) of multiple O3-exposure (GSE156799). RNAseq datasets found in the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih. 
gov/geo/) were analyzed by Phantasus (https://genome.ifmo.ru/phantasus) and presented as Log2 Fold Change (Log2FC) (Russo et al., 2023). Differences were 
considered significant at the Adjusted P-value < 0,05. Red represents significative up-regulated and blue significative down-regulated genes (D-F). Venn diagram 
illustrating common up-regulated genes induced by O3-exposure of acute (Day 1 and Day 4) and chronic (3 weeks) models (G). The proposed mechanism of acute and 
chronic lung injury induced by O3 exposure shows that Il-33, Areg, and Myd88 may represent possible targets to control lung inflammation (H). Illustration A and H 
were constructed using Biorender. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2020), providing a mechanistic framework to support the emerging 
epidemiological associations among air pollution, diabetes, and lung 
disease. Our preliminary findings on O3 exposure in mice (1.5 ppm, 
twice weekly for 6 weeks) indicate the induction of AHR, recruitment of 
eosinophils and neutrophils, activation of Th2 and Th17 immune re-
sponses, injury to respiratory epithelium, and chronic inflammation 
resulting in disruption of alveolar septae, emphysema, impaired repair, 
and fibrosis mirroring the characteristics observed in patients with 
COPD.

Cholinergic signaling contributes to the response, as the muscarinic 
inhibitor Tiotropium (TTP) (Kistemaker et al., 2015; Kistemaker et al., 
2019; Wollin and Pieper, 2010) inhibits airway hyperresponsiveness, IL- 
5 production, myeloperoxidase (MPO) activity, and eosinophil recruit-
ment. Therefore, chronic O3-induced lung pathology in mice mimics 
COPD with AHR. Additionally, six weeks of chronic O3 exposure in mice 
induces a persistent inflammatory process, marked by alveolar 
enlargement and damage linked to epithelial apoptosis, increased pro-
tease expression, and collagen deposition, culminating in the loss of 
epithelial tissue (Triantaphyllopoulos et al., 2011). These observations 
indicate that chronic O3 exposure fundamentally alters lung architecture 
through tissue remodeling and fibrosis processes.

3. O3 exposure triggers innate immunity pathways

3.1. Role of inflammatory mediators induced by O3 exposure

The irritant effects of O3 prompt the release of a wide range of 
proinflammatory cytokines, chemokines, and mediators, contributing to 
the inflammatory response. Among these are interleukins such as IL-1α, 
IL-1β, IL-6, IL-8, IL-10, IL-17A, IL-22, and IL-33, which play critical roles 
in orchestrating immune responses and recruiting immune cells to the 
site of inflammation (Borish and Steinke, 2003; Mumby et al., 2019). 
Additionally, tumor necrosis factor-alpha (TNF-α), interferon-gamma 
(IFN-γ), and transforming growth factor-beta (TGF-β) are also 
released, further amplifying the inflammatory cascade (Borish and 
Steinke, 2003; Mumby et al., 2019). Chemokines such as CC and CXC 
family recruit neutrophils, monocytes, and lymphocytes to the affected 
tissue (Borish and Steinke, 2003; Mumby et al., 2019). Furthermore, 
lipid mediators like leukotrienes and prostaglandins contribute to 
inflammation and bronchoconstriction (Borish and Steinke, 2003; 
Mumby et al., 2019).

The differential expression reanalyzing the public deposited RNAseq 
datasets from days 1 and 4 after single O3 exposure (GSE161538), or 
chronic by three consecutive weeks of O3 exposure (GSE156799) 
(Fig. 2C-F) highlighted that Il-33, Areg, and Myd88 were commonly 
significative up-regulated 1 and 4 days after single O3 exposure (Fig. 2D- 
E) and repeated O3 exposure during three weeks (Fig. 2F), suggesting 
that Il-33, amphiregulin and Myd88 are pivotal in acute and chronic 
events triggered by O3 exposure (Fig. 2G). Correlating the differential 
expression of genes Il-33, Areg, and Myd88 with cell gene signatures 
(Fig. 1E), it is possible that type 1 and 2 alveolar epithelial cells can be a 
potential source of Il-33 and amphiregulin; meanwhile, increased 
Myd88 activity induced by acute and chronic O3 exposure indicating 
TLR/IL-1 pathway activation (Fig. 2G), and thus, contributing to type 2 
of immune response progression.

Overall, the release of these inflammatory mediators in response to 
O3 exposure underscores the complex and multifaceted nature of the 
inflammatory response in the airways, which is reviewed shortly here:

Aryl hydrocarbon receptor (AhR) is a protein that functions as a 
transcription factor, playing a critical role in immune response regula-
tion, cell proliferation, and differentiation. It is implicated in normal 
cellular functions and allergic diseases (Riaz et al., 2022). We have 
observed that chronic O3 exposure activates the Aryl hydrocarbon re-
ceptor (AhR), leading to increased production of tryptophan and lipoxin 
A4 in mice (Michaudel et al., 2020). In AhR-/- mice, we observed 
increased chronic lung inflammation, airway hyperresponsiveness, and 

tissue remodeling, accompanied by fibrosis and heightened recruitment 
of IL-17A and IL-22-expressing cells compared to control mice. Admin-
istration of IL-17A- and IL-22-neutralizing antibodies attenuated lung 
inflammation in both AhR-/- and control mice. Moreover, we observed 
enhanced lung inflammation and recruitment of ILC2, ILC3, and T cells 
following T cell-specific AhR depletion using AhRCD4cre-deficient mice 
(Michaudel et al., 2020). Together, the data demonstrate that O3 
exposure activates AhR, which in turn regulates lung inflammation, 
airway hyperresponsiveness, and tissue remodeling by modulating IL-22 
expression.

Amphiregulin (AREG) is an epidermal growth factor (EGF) family 
member and regulates cellular proliferation, differentiation, and 
development. It binds to the EGF receptor (EGFR), initiating signaling 
pathways that influence cell growth and survival. Amphiregulin is 
produced by various cell types, including epithelial and immune cells, 
playing a role in tissue repair and inflammation. Its expression is up- 
regulated in response to injury and involves wound healing and the 
development of certain diseases, including cancer and chronic inflam-
matory conditions (Singh et al., 2022b). Amphiregulin is critical in the T 
helper type 2 (Th2) immune response, particularly in the lungs. Th2 
cells, which are essential for clearing helminth infections, express 
amphiregulin, enhancing epithelial cell proliferation and repair mech-
anisms. This cytokine is also produced by other immune cells, such as 
mast cells, basophils, and group 2 innate lymphoid cells (ILC2s). The 
interaction between Th2 cells and epithelial cells via amphiregulin 
contributes to the maintenance and repair of the epithelial barrier, 
highlighting its role in immune responses and tissue homeostasis. 
Amphiregulin’s involvement in these processes suggests potential ther-
apeutic targets for diseases like asthma and allergic inflammation (Singh 
et al., 2022b; Zaiss et al., 2015). Exposure to O3 induces significant 
oxidative stress and lung inflammation. Amphiregulin has been shown 
to play a protective role in such scenarios by suppressing epithelial and 
endothelial cell apoptosis and promoting cell survival and repair 
(Florentin et al., 2022; Ogata-Suetsugu et al., 2017). Studies on mice 
indicate that amphiregulin levels increase following O3 exposure 
(Michaudel et al., 2018b; Sokolowska et al., 2019). It has been consid-
ered that Areg is an O3-sensitive gene (Vasu et al., 2010) and may help 
mitigate lung damage by enhancing epithelial cell resilience and repair 
mechanisms. Understanding the O3 modulation of amphiregulin and its 
signaling may provide new insights into potential therapeutic strategies 
to combat O3-induced lung injury and inflammation.

Inflammasome and Interleukin-1 pathways mediate the innate 
response, which is part of innate immunity and is initiated by endoge-
nous or environmental danger or injury events, particularly in response 
to O3 exposure. The cytosolic multiprotein NLRP3 inflammasome com-
plex is activated in response to signals stemming from tissue injury, 
metabolic alterations, and infection (Allen et al., 2009; Hise et al., 2009; 
Lamkanfi and Dixit, 2012; Stienstra et al., 2011; Strowig et al., 2012; 
Vandanmagsar et al., 2011; Wen et al., 2012). Upon activation of the 
cytoplasmic NLRP3 protein, a multimeric complex is formed, consisting 
of the adaptor protein ASC and caspase-1. This complex plays a pivotal 
role in the processing and secretion of proinflammatory cytokines, such 
as IL-1β, contributing to the inflammatory response (Agostini et al., 
2004; Gombault et al., 2012; Kanneganti et al., 2006). Caspase-1 cleaves 
inactive pro-IL-1β and pro-IL-18 precursor proteins into their biologi-
cally active forms upon activation. Tight regulation of the cytokine IL-1β 
is crucial, as it plays an indispensable role in systemic inflammation and 
the recruitment of neutrophils (Dinarello 2009).

It is now widely acknowledged that two signals are necessary for IL- 
1β production: first, the production of pro-IL-1β and NLRP3 is regulated 
via TLR ligation, and second, inflammasome oligomerization, caspase-1 
recruitment and activation, and caspase-1-dependent cleavage of pro-IL- 
1β releases biologically active IL-1β. This second signal may be induced 
by a wide variety of molecules classified either as pathogen-associated 
molecular patterns (PAMPs) produced by microbes/pathogens or 
danger-associated molecular patterns (DAMPs), self-components 
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induced by injury. Upon inhalation, environmental pollutants such as 
particles, including silica (Cassel et al., 2008; Rabolli et al., 2014), 
nanoparticles (Jessop and Holian 2015; Yazdi et al., 2010), and fibers 
like asbestos (Dostert et al., 2008; Hornung et al., 2008), and aluminum 
salt (alum) adjuvant (Cassel et al., 2008) can cause cell injury with the 
release of DAMPs, and direct or indirect inflammasome activation 
leading to IL-1α/β production, and cell death again with subsequent 
release of DAMPs, and thereby fueling airway inflammation (Reisetter 
et al., 2011; Unno et al., 2014). Thus, environmental pollutants may 
present a health hazard due to their capacity to induce IL-1R signaling, 
with inflammatory amplification provoked by the DAMPs source. 
Endogenous DAMPs originate from metabolic stressors such as high 
concentrations of cholesterol, glucose, amyloid-β protein, adenosine 
triphosphate (ATP), or monosodium urate (MSU) crystals, as recently 
reviewed (Gombault et al., 2012), can also contribute to exacerbation of 
tissue inflammation.

NLRP3 inflammasome activation occurs through two primary 
mechanisms: plasma membrane rupture, as observed with bacterial 
toxins and ATP, or phagocytosis of particles (Cassel et al., 2009; Pedra 
et al., 2009). Extracellular ATP (eATP) or toxins from various sources 
induce cellular K+ efflux and pore formation (Pelegrin and Surprenant 
2007). Particles, including silica, alum, fibrillar amyloid-β protein, or 
MSU, prompt lysosomal destabilization and rupture, releasing lysosomal 
proteases such as cathepsin B into the cytoplasm. This process is 
accompanied by increased K+ efflux and reactive oxygen species (ROS) 
production. Our group and others have described mechanistic links 
between ATP release and particle-mediated inflammasome activation 
pathways (Riteau et al., 2012; Riteau et al., 2010).

O3 exposure has been shown to activate the NLRP3 inflammasome 
complex. All proteins comprising the NLRP3 inflammasome complex, 
including ASC and caspase-1, gasdermin D (GSDMD) (Tian et al., 2022; 
Tian et al., 2021), seemed essential for developing airway inflammation 
and hyperreactivity (AHR) in response to O3 (Michaudel et al., 2016; 
Sokolowska et al., 2019; Wiegman et al., 2020). O3 exposure in mice has 
been shown to increase the expression of both IL-1α and IL-1β in the lung 
(Michaudel et al., 2016; Sokolowska et al., 2019; Wiegman et al., 2020). 
O3-induced inflammation is mediated by IL-1α, a classical DAMP 
released from dying cells and thus functions as an alarmin. Its signaling 
via IL-1R1 depends on the adaptor protein myeloid differentiation 
factor-88 (MyD88) in epithelial cells (Michaudel et al., 2018c). The 
blockage of IL-1α through administering anti-IL-1α neutralizing anti-
bodies in MyD88acid mice reduced O3-induced lung inflammation 
compared with wild-type mice treated with rmIL-1α, with reduced cell 
recruitment and inflammation (Michaudel et al., 2018c). Importantly, 
mice deficient in IL-1R1 exhibit partial protection against O3-induced 
inflammation (Johnston et al., 2007). Other members of the IL-1 family, 
such as IL-18, IL-36, or IL-38, which also possess inflammatory prop-
erties, have not yet been investigated in the context of O3 exposure.

Interleukin-6 (IL-6) plays a crucial role in the pulmonary response 
to O3 exposure and is rapidly induced in the lungs in response to O3 
exposure, which contributes to the recruitment of immune cells such as 
neutrophils and macrophages to the airways, thereby exacerbating 
inflammation and implicated in respiratory pathology (Yu et al., 2002). 
Subacute exposure to O3 (2, 0.5, and 0.3 ppm) in the IL-6-/- mice or anti- 
IL-6 antibody treatment resulted in significantly reduced levels of pro-
tein, neutrophils, and soluble TNF receptors in the BALF, while airway 
hyperresponsiveness remained unaffected (Johnston et al., 2005c; Yu 
et al., 2002). Additionally, IL-6 regulates other cytokines and inflam-
matory mediators, further amplifying the inflammatory response to O3. 
In adiponectin-deficient mice exhibiting enhanced IL-6 levels, an exag-
gerated inflammatory response to O3 suggests that IL-6 can modulate the 
severity of O3-induced lung damage (Kasahara et al., 2014). A pivotal 
role of IL-6 in the hyper-inflammatory condition observed in 
adiponectin-deficient mice following O3 exposure was elucidated using 
double adiponectin-/- and IL-6-/- mice. This involvement of IL-6 was 
associated with activating SAA3, IL-17A, and G-CSF pathways (Kasahara 

et al., 2014). Overall, IL-6 is a pivotal mediator in the lung’s response to 
O3 exposure, driving the recruitment of inflammatory cells and modu-
lating the overall inflammatory milieu in the airways.

Interleukin-10 (IL-10) is known for its anti-inflammatory properties 
and plays a crucial anti-inflammatory role in the body’s response to O3 
exposure, helping to mitigate pulmonary inflammation and injury. IL-10 
can attenuate the inflammatory response induced by O3 by inhibiting 
the production of proinflammatory cytokines like TNF-α/IL-1 and 
decreasing the expression of inducible nitric oxide synthase (iNOS) 
(Reinhart et al., 1999). The IL-10-deficient mice exhibit significantly 
greater inflammation, indicating the protective role of IL-10 in the 
context of O3 exposure. Recent findings from IL to 10-/- mice demon-
strate increased neutrophil recruitment following low-dose O3 exposure 
(0.3 ppm) for 1 to 3 days, accompanied by enhanced activation of NF-κB 
and upregulation of genes associated with inflammation, including 
macrophage inflammatory protein 2 (MIP-2), cathepsin E, and serum 
amyloid A3 (Saa3) (Backus et al., 2010). IL-10 mediates its effects by 
modulating the activity of the NF-κB inflammatory pathway, thus 
reducing the severity of the immune response to O3 (Backus et al., 2010). 
These findings suggest that enhancing IL-10 levels or activity could be a 
potential therapeutic strategy to protect against O3-induced lung injury 
and inflammation. Therefore, endogenous IL-10 may confer partial 
protection against O3-induced lung inflammation.

Interleukin-13 (IL-13) plays a pivotal role in the pulmonary 
response to O3 exposure, particularly in enhancing airway hyper-
responsiveness (AHR) and inflammation. IL-13 is known to augment the 
effects of O3 by increasing the recruitment of neutrophils and macro-
phages into the bronchoalveolar space, thus intensifying the inflam-
matory response (Williams et al., 2008). Studies have shown that mice 
deficient in IL-13 exhibit reduced O3-induced AHR and inflammation, 
while IL-13 overexpressing mice display heightened responses (Williams 
et al., 2008). Furthermore, IL-13 stimulates the production of other 
cytokines like IL-6 and IL-1β, further promoting inflammatory pathways 
and tissue damage (Mathews et al., 2017). In obese mice, IL-13 exac-
erbates O3-induced pulmonary responses by synergizing with TNF via 
TNFR2, leading to increased pulmonary mechanics and inflammatory 
cell recruitment (Williams et al., 2013). These findings underscore the 
crucial role of IL-13 in mediating the adverse effects of O3 on respiratory 
health.

Interleukin-17A (IL-17A) activates Th17 immune responses asso-
ciated with neutrophilic inflammation (Misra and Agarwal 2022). O3 
exposure increases IL-17A levels in the lungs, contributing to airway 
inflammation and hyperresponsiveness. IL-17A is increased and is crit-
ical in recruiting neutrophils following O3 exposure (0.3 ppm for 24–72 
h) (Mathews et al., 2014). Our study utilizing a chronic 6-week O3 
exposure model showed that pulmonary IL-17A, IL-1β, and p38 MAPK 
activation were reduced in IL-17RA deficient mice (Pinart et al., 2013). 
Importantly, airway hyperresponsiveness observed after O3 exposure 
depends on IL-17RA signaling, which is mediated by the increased 
contractility of airway smooth muscle. However, the emphysema and 
lung inflammation induced by O3 may be independent of IL-17A (Pinart 
et al., 2013). Blocking IL-17A with monoclonal antibodies has reduced 
the chronic effects of O3-induced airway hyperresponsiveness, neutro-
phil recruitment, and cytokine production in both lean and obese mice, 
indicating its critical role in mediating these effects (Zhang et al., 2016). 
Overall, IL-17A is a crucial cytokine in the pathogenesis of O3-induced 
lung inflammation and injury, driving neutrophilic recruitment and 
exacerbating airway hyperresponsiveness. However, currently, there is a 
lack of data regarding the Th17 family members IL-17C, IL-17E, IL-17F, 
and IL-22, which share structural homology with IL-10. Further research 
is needed to elucidate their potential involvement in these processes.

Interleukin-22 (IL-22) plays a vital role in the response to O3 
exposure by modulating lung inflammation and maintaining epithelial 
barrier integrity. O3 exposure activates the aryl hydrocarbon receptor 
(AhR), which in turn increases IL-22 expression, contributing to the 
regulation of lung inflammation and airway hyperresponsiveness. In 
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mice lacking AhR, there is increased lung inflammation, airway hyper-
responsiveness, and tissue remodeling, highlighting the protective role 
of IL-22 in mitigating these adverse effects (Michaudel et al., 2020). IL- 
22′s protective effects are partly mediated by its ability to reduce 
epithelial barrier damage and inflammation caused by O3 exposure. 
Furthermore, IL-22 has been shown to attenuate antigen-induced 
eosinophilic airway inflammation, indicating its anti-inflammatory 
properties in the context of respiratory insults (Takahashi et al., 
2011). Therefore, IL-22′s ability to regulate both inflammatory re-
sponses and tissue repair mechanisms underscores its importance in 
mitigating the adverse effects of O3 on pulmonary health.

Interleukin-33 (IL-33), another released alarmin from dying cells, 
plays a significant role in the pulmonary response to O3 exposure, 
particularly in inflammation and airway hyperresponsiveness. It is 
expressed at high levels in alveolar epithelial cells and exhibits a 
biphasic response following a single O3 exposure (Michaudel et al., 
2018b). Studies indicate that O3 exposure increases IL-33 levels in the 
lungs, contributing to airway inflammation and hyperresponsiveness, 
especially in obese mice (Kasahara and Shore 2020; Mathews et al., 
2017). Additionally, IL-33 enhances type 2 cytokine production and the 
activity of innate lymphoid cells (ILC2s), further exacerbating the in-
flammatory response to O3 (Kasahara and Shore 2020). After O3 expo-
sure, there is a rapid disruption of the epithelial barrier within 1 h, 
followed by a second phase of respiratory barrier injury characterized by 
increased neutrophil recruitment, reactive oxygen species production, 
airway hyperresponsiveness, and IL-33 expression in both epithelial and 
myeloid cells in wild-type mice (Michaudel et al., 2018b). The lack of IL- 
33 or the IL-33 receptor/ST2 (IL-33-/- and ST2-/- mice), O3-induced 
epithelial cell injury with protein leakage, and myeloid cell recruitment 
and inflammation are further increased. However, the expression of 
reactive oxygen species in neutrophils and AHR was diminished 
(Michaudel et al., 2018b). Neutralization of ST2 recapitulated the 
enhanced O3-induced neutrophilic inflammation (Michaudel et al., 
2018b). Conversely, administration of recombinant mouse IL-33 
reduced neutrophil recruitment in IL-33-/- mice (Michaudel et al., 
2018b). Thus, playing a protective role against epithelial damage and 
inflammation. In fact, IL-33 mediates the activation of transforming 
growth factor-β (TGF-β and epidermal growth factor (EGF) signaling, 
involved in epithelial cell regeneration by Intestinal Stem Cells 
(Calafiore et al., 2023; Guan et al., 2023). Thus, IL-33 can regulate 
regeneration after tissue damage, but further studies are needed to 
dissect this role in O3-exposed lungs. Overall, IL-33 is a critical mediator 
in the pulmonary response to O3, influencing both inflammatory pro-
cesses and the maintenance of lung tissue integrity.

Interferon-γ (IFN-γ) modulates the Th1 immune response and is 
involved in proinflammatory and antiviral activities (Ng et al., 2023). O3 
exposure can induce IFN-γ production in the lungs as part of the body’s 
immune response to oxidative stress and inflammation caused by O3 
inhalation. IFN-γ production is critical for orchestrating innate and 
adaptive immune responses, mainly by activating macrophages and 
enhancing their ability to combat intracellular pathogens. Regarding O3 
exposure, IFN-γ has been shown to protect against O3-induced lung 
damage by reducing lesion volumes and mitigating alveolar damage. 
This protective effect is achieved through the induction of IFN-γ, which 
enhances the immune response and reduces the extent of lung injury 
(Dziedzic and White 1987). Additionally, exposure to O3 has been 
observed to decrease macrophage responsiveness to IFN-γ, leading to 
compromised immune functions such as phagocytosis and reactive ox-
ygen species production, which underscores the importance of IFN-γ in 
maintaining pulmonary immune competence under O3 stress (Cohen 
et al., 1996). However, it is noteworthy that high doses of O3 have been 
shown to reduce IFN-γ production and cytotoxicity of innate lymphoid 
cells (ILC) ILC1 but not ILC2 (Estrella et al., 2019), potentially shifting 
towards a Th2 immune response. These findings highlight potential 
mechanisms by which innate leukocytes, such as macrophages and ILCs, 
react to air pollution, thereby increasing susceptibility to infections and 

allergies. Thus, IFN-γ is integral in mediating the immune response and 
mitigating the adverse effects of O3 exposure on lung health.

Transforming growth factor-β (TGF-β) plays a critical role in the 
development of fibrosis, including chemical-induced lung fibrosis (Gasse 
et al., 2007). TGF-β is a multifunctional cytokine that regulates immune 
responses, cellular proliferation, differentiation, and tissue remodeling. 
In response to O3 exposure, TGF-β is up-regulated, contributing to the 
lungs’ inflammatory and fibrotic processes. This cytokine mediates 
epithelial-to-mesenchymal transition (EMT), leading to fibrosis and 
impaired lung function. Additionally, TGF-β modulates the immune 
response by promoting regulatory T cell differentiation and suppressing 
excessive inflammation (Prud’homme 2007), thus maintaining tissue 
homeostasis and mitigating damage caused by O3-induced oxidative 
stress. However, chronic exposure to O3 may lead to dysregulation of 
TGF-β signaling, exacerbating fibrosis and contributing to chronic 
obstructive pulmonary disease (COPD) and other chronic pulmonary 
conditions (Aschner and Downey 2016). O3-induced emphysema and 
pulmonary fibrosis in mice may be mediated by TGF-β (Katre et al., 
2011). For instance, studies have shown that TGF-β regulates the release 
of extracellular matrix components and facilitates the healing of injured 
lung tissues by promoting fibroblast proliferation and differentiation 
into myofibroblasts (Aschner and Downey 2016). Chronic O3 exposure 
(5 days, 0.5 ppm, 8 h/day) for 5 cycles resulted in increased levels of 
TGF-β protein in BALF and plasminogen activator inhibitor 1 (PAI-1), 
along with lung fibrosis. The TGF-β signaling pathway blockade with IN- 
1233 suppressed O3-induced Smad2/3 phosphorylation, PAI-1 and 
collagen expression, and α-smooth muscle actin (α-SMA) deposition in 
the lung. These findings suggest that TGF-β is a key mediator that bal-
ances tissue repair and lung inflammation following O3 exposure, 
mediating O3-induced lung fibrotic responses. However, further 
research is needed to confirm these results using other inhibitors and 
TGF-β antibodies.

Tumor Necrosis Factor-α (TNF-α) is another fundamental proin-
flammatory cytokine involved in the biological response to O3 exposure 
(Fakhrzadeh et al., 2004; Shore et al., 2011; Zamora et al., 2005). 
Studies have shown that O3 exposure leads to the increased expression of 
TNF-α in lung tissues, which in turn activates various inflammatory 
pathways, including the nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) 
pathways (Cho et al., 2007). O3 produces nitric oxide, TNF-α, and tissue 
injury, which depend on NF-κB p50 (Fakhrzadeh et al., 2004). Blocking 
TNF-α with specific antibodies has been shown to mitigate O3-induced 
neutrophilic inflammation (Bhalla et al., 2002). Furthermore, TNF- 
neutralizing antibodies reduced protein and neutrophil recruitment in 
BALF and IL-1α, IL-6, and IL-10 expression in obese mice upon O3 
exposure (Williams et al., 2015). Additionally, TNF-α knockout mice 
exhibit significantly less O3-induced inflammation and lung damage 
than wild-type mice, further underscoring its importance in O3-induced 
pulmonary toxicity (Cho et al., 2001). Overall, TNF-α is a critical factor 
in the pathogenesis of O3-induced epithelial injury and lung inflamma-
tion induced by O3 exposure, modulating the acute and chronic phases 
of the response.

Chemokines play a pivotal role in the inflammatory response to O3 
exposure by mediating the recruitment and activation of immune cells in 
the lungs (Hollingsworth et al., 2007). O3 inhalation induces the release 
of chemokines from epithelial cells, macrophages, and other immune 
cells, orchestrating the recruitment and activation of inflammatory cells 
such as neutrophils, macrophages, and lymphocytes into the lung tissue 
(Hollingsworth et al., 2007). These chemotactic proteins act as signaling 
molecules, guiding immune cells to the site of inflammation and pro-
moting their adhesion to endothelial cells (Russo et al., 2010; Russo 
et al., 2014), thus exacerbating tissue damage, inflammation, and 
fibrosis (Russo et al., 2023). Moreover, chemokines regulate the 
expression of adhesion molecules on endothelial cells, facilitating the 
transmigration of immune cells across the endothelial barrier into the 
lung parenchyma (Russo et al., 2010; Russo et al., 2014; Russo et al., 
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2023). Consequently, targeting chemokines and their receptors repre-
sents a promising therapeutic approach (Russo et al., 2010) for miti-
gating O3-induced lung inflammation and injury.

O3 exposure induces the secretion of various chemokines, including 
macrophage inflammatory protein-2 (MIP-2) and monocyte chemo-
attractant protein-1 (MCP-1), which attract neutrophils and monocytes 
to the site of inflammation (Zhao et al., 1998). These chemokines are 
critical for developing O3-induced pulmonary inflammation, as they 
facilitate the influx of inflammatory cells into the lungs, leading to tissue 
damage and airway hyperresponsiveness. The expression of cytokine- 
induced neutrophil chemoattractant (CINC) is significantly increased 
following O3 exposure, promoting neutrophil infiltration and contrib-
uting to the inflammatory response (Koto et al., 1997). Furthermore, IL- 
1α released by macrophages in response to O3 stimulates alveolar 
epithelial cells to secrete chemokines, enhancing the inflammatory 
cascade (Manzer et al., 2008).

Human exposure to 0.2 ppm of O3 for 2 h, twice 3 weeks apart, can 
induce healthy and asthmatics’ chemokine production in lung biopsies 
(Bosson et al., 2003). Immunostaining for chemokines in the bronchial 
epithelium revealed significant expression of the neutrophil chemo-
attractants GRO-a/CXCL1, CXCL5/ENA-78, and CXCL8/IL-8 in the 
asthmatic group compared to the healthy group, but not for CX3CL1/ 
Fractalkine (Bosson et al., 2003). The chemokine receptor CXCR2 is 
critically involved in neutrophil chemotaxis induced by murine che-
mokines CXCL1/KC and CXCL2/MIP-2, which are up-regulated in lungs 
following O3 exposure (Johnston et al., 2005b). Mice deficient for 
CXCR2 had reduced protein and epithelial cells in the BAL, suggesting 
reduced lung injury and reduced AHR compared to wild-type control 
mice. Therefore, CXCR2 is essential for maximal neutrophil recruitment, 
epithelial cell sloughing, and persistent AHR upon O3 exposure 
(Johnston et al., 2005b).

Mice exposure to 0.8 ppm O3 leads to the upregulation of various 
chemokines including CXCL1/KC, CXCL2/MIP-2, CXCL3/GROalpha, 
CXCL10/IP-10, CCL3/MIP-1alpha, CCL7/MCP-3, and CCL11/Eotaxin-1 
mRNA in the lungs post-exposure, with the airway epithelium identi-
fied as a significant source of CCL7 (Michalec et al., 2002). Depletion 
using anti-mouse antibodies targeting CXCL1/2/3, CCL7, and CXCL10 
neutralization effectively inhibited neutrophil recruitment, suggesting 
that CCL7 and CXCL10 may play a critical role in orchestrating 
neutrophilic inflammation induced by oxidative stress resulting from O3 
exposure (Michalec et al., 2002). These findings underscore chemo-
kines’ importance in mediating the airways’ inflammatory response 
following O3 exposure and highlight their potential as therapeutic tar-
gets for mitigating O3-induced lung inflammation and injury.

Following the cessation of acute O3 exposure, mice exhibited 
elevated chemerin levels in BALF after 24 h. Interestingly, despite the 
increase in chemerin levels, the receptor for chemerin, Ccrl2, which 
typically modulates chemerin levels in the epithelial lining fluid of the 
lungs, was found not to contribute to the development of O3-induced 
lung pathology in mice (Malik et al., 2017). This suggests a complex 
regulatory mechanism for chemerin in the context of O3 exposure, 
where its role in lung pathology may be independent of Ccrl2-mediated 
signaling pathways. Further investigation into the mechanisms under-
lying chemokine involvement in O3-induced lung inflammation and 
injury is warranted to fully understand its potential as a therapeutic 
target in mitigating respiratory damage caused by O3 exposure. Overall, 
chemokines are essential mediators in the inflammatory processes trig-
gered by O3 exposure, driving immune cell recruitment and contributing 
to lung injury and dysfunction.

3.2. Role of innate lung leukocytes in response to O3 exposure

Innate lymphoid cells (ILCs) are critical in the body’s response to 
O3 exposure. Exposure to O3 has been shown to induce type 2 immunity 
in the nasal airways, leading to conditions such as eosinophilic rhinitis, 
which depends on the presence of ILCs (Kumagai et al., 2016). ILCs play 

a crucial role in the immune response to O3 exposure in the lungs. O3 
induces significant airway inflammation, marked by the activation of 
various immune cells, including ILCs. Specifically, type 2 ILCs (ILC2s) 
are known to mediate airway inflammation and hyperresponsiveness by 
producing cytokines such as IL-5 and IL-13, which are crucial for 
eosinophilic inflammation and asthma-like symptoms (Yang et al., 
2016). Additionally, IL-33, a cytokine that can activate ILC2s, has been 
implicated in exacerbating the inflammatory response to O3 in obese 
individuals, indicating that the interplay between ILCs and cytokines 
significantly impacts the severity of O3-induced inflammation (Mathews 
et al., 2017; Michaudel et al., 2018b; Williams et al., 2015). In obese 
mice, the response to O3 is even more pronounced, with ILC2s playing a 
role in enhanced airway hyperresponsiveness (AHR) and inflammation 
(Mathews et al., 2017). The activation of ILC2s by IL-33, a cytokine 
released during epithelial cell damage, further exacerbates the inflam-
matory response, leading to increased production of IL-5 and IL-13, 
which are critical for the recruitment of inflammatory cells to the 
lungs (Bauer et al., 2015). This complex interplay of ILCs and cytokines 
underscores the significant role of ILCs in the pathophysiology of O3- 
induced lung inflammation and hyperresponsiveness. These interactions 
of ILCs modulate the lung’s response to O3, linking environmental pol-
lutants to respiratory diseases such as asthma and chronic obstructive 
pulmonary disease (COPD).

γδ T cells play a significant role in the immune response to O3 
exposure, contributing to pulmonary inflammation and injury. Exposure 
to O3 increases the number of γδ T cells in the lungs, producing cytokines 
such as IL-17A. This cytokine is crucial for recruiting neutrophils and the 
subsequent inflammatory response. In mice deficient in γδ T cells, the 
O3-induced increases in macrophages, neutrophils, and inflammatory 
cytokines like G-CSF and IL-6 are significantly attenuated, highlighting 
the pivotal role of γδ T cells in mediating these responses (Mathews 
et al., 2014). In addition, the deficiency of γδ T cells results in decreased 
IL-17A production and attenuated inflammatory responses, under-
scoring these cells’ crucial role in orchestrating the immune response to 
O3-induced lung damage (Mathews et al., 2014). Furthermore, γδ T cells 
are involved in the initial stages of the inflammatory response following 
long-term low-dose O3 exposure by secreting chemokines that attract 
macrophages and neutrophils to the lungs. These findings demonstrate 
that γδ T cells are critical regulators of the pulmonary immune response 
to O3, driving the inflammation and recruitment of other immune cells 
necessary to manage the oxidative stress and damage caused by O3 
exposure. This response is essential for the body’s defense mechanisms 
against environmental pollutants.

Natural killer T (NKT) cells play a significant role in the immune 
response to O3 exposure, particularly in developing airway hyperreac-
tivity (AHR). Studies in mice have shown that repeated exposure to O3 
leads to severe AHR, characterized by increased airway NKT cells, 
neutrophils, and macrophages. Interestingly, mice deficient in NKT cells 
(CD1d-/- and Jα18-/-) did not develop O3-induced AHR, highlighting the 
necessity of these cells in the response mechanism (Pichavant et al., 
2008). Additionally, blocking NKT cell activation with an anti-CD1d 
antibody prevented the development of AHR (Pichavant et al., 2008). 
Severe AHR, accompanied by increased NKT cells, neutrophils, and 
macrophages in the airway, was absent in NKT cell-deficient, CD1d-/- 

and Jα18-/- mice and was dependent on IL-17A. Thus, O3 exposure in-
duces airway hyperreactivity, necessitating the presence of NKT cells 
and IL-17A production. O3 exposure has also been shown to reduce 
natural killer (NK) cell activity in the lungs, which can impair the im-
mune system’s ability to combat infections and cancer. Continuous 
exposure to O3 at 1.0 ppm for up to 10 days significantly decreased 
pulmonary NK cell activity, though this suppression was transient and 
returned to normal after prolonged exposure (Burleson et al., 1989). 
Furthermore, O3 exposure in conjunction with surfactant protein D (SP- 
D) and NK cell interactions influences dendritic cell (DC) homing to 
lymph nodes, which is critical for initiating adaptive immune responses. 
O3 exposure impaired this process, reducing NK cell IFN-γ production 
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and lung CCL21 mRNA expression, which are vital for effective DC 
migration (Ge et al., 2016). These findings indicate that NKT cells are 
crucial for the immune response to O3 exposure, mediating both airway 
hyperreactivity and immune regulation, and their dysfunction can lead 
to impaired immune responses and increased susceptibility to respira-
tory conditions.

Mucosal-associated invariant T (MAIT) cells, another type of 
innate immune cells, may also be implicated in O3-induced lung 
inflammation (Bugaut et al., 2024). O3 exposure is known to induce 
significant immune responses, including the activation of various 
lymphocyte populations in the lungs. For instance, O3 exposure can 
increase the proliferation and activity of lymphocytes in the bronchus- 
associated lymphoid tissue (BALT) and mediastinal lymph nodes, 
which are key areas where immune cells, including MAIT cells, reside 
(Dziedzic et al., 1990). Additionally, O3 exposure has been shown to 
suppress the proliferation of various lymphocyte types and reduce IL-2 
production, which is crucial for the growth and function of T cells, 
including MAIT cells (Becker et al., 1989). This suppression could 
potentially impair the immune surveillance and response capabilities of 
MAIT cells. Moreover, O3′s impact on the immune system includes 
altering the response of alveolar macrophages and epithelial cells, 
leading to the release of chemokines and cytokines that can modulate 
the activity of MAIT cells (Manzer et al., 2008). These changes suggest 
that O3 exposure could affect the function and regulation of MAIT cells 
in the respiratory system. While direct studies on MAIT cells’ response to 
O3 are scarce, the available research on related immune responses 
provides a basis for understanding how these cells might be influenced 
by O3 exposure, highlighting the need for further specific research in this 
area. However, further validation of this hypothesis is required. Addi-
tional research is needed to confirm the involvement of MAIT cells in 
this context and to elucidate their specific role in O3-induced respiratory 
inflammation.

4. Therapeutic targets for pharmacological interventions

The existing experimental data offer promising drug targets for 
mitigating O3-induced chronic inflammatory lung disease. Nonetheless, 
the efficacy of therapeutic interventions tested in mouse models neces-
sitates validation through clinical studies. As depicted in Box-1, we 
outline the potential efficacy of agonists or antagonists that merit 
consideration for inclusion in clinical trials. While the list of proposed 
therapeutic targets is not exhaustive, ongoing research to refine in-
hibitors and gain new mechanistic insights holds promise for developing 
more efficacious antagonists. Advancements in understanding the 
complex pathways underlying chronic inflammatory lung diseases may 
uncover additional targets for intervention. However, it is essential to 
recognize that while pharmacological approaches offer potential bene-
fits, addressing the root cause of these diseases is paramount. In this 
regard, reducing airborne pollution with exceptionally high levels of O3 
and smog stands out as the most efficacious measure to prevent the onset 
and progression of chronic respiratory ailments, such as fibrosis. 
Implementing comprehensive strategies to curb pollution, including 
regulatory measures, technological innovations, and public awareness 
campaigns, could significantly alleviate the burden of these debilitating 
conditions on global health.

Lung fibrosis involves the excessive deposition of ECM components, 
mainly collagen, leading to scarring and impaired lung function. The 
differentiation of fibroblasts into myofibroblasts is a crucial event in this 
process. This differentiation is driven by profibrotic signals such as TGF- 
β, increasing collagen synthesis and tissue stiffening, contributing to the 
pathological remodeling observed in fibrotic lung diseases. Under-
standing this process is crucial for developing therapeutic strategies to 
inhibit or reverse fibrosis. N23Ps (N-(2-methoxyphenyl)-3-(phenyl)ac-
rylamides) are a novel class of highly potent class of compounds sup-
pressing myofibroblast transdifferentiation, collagen deposition, 
cellular contractility, and altered cell shapes with a unique mode of 

action. Mechanistically, transcriptomics identified the SMURF2, a 
SMAD-specific E3 ubiquitin protein ligase2, as a potential therapeutic 
target network. Antifibrotic activity of N23Ps was verified by prote-
omics in a human ex vivo tissue fibrosis disease model, suppressing 
profibrotic markers SERPINE1 and CXCL8. N23Ps are highly potent 
developmental compounds inhibiting organ fibrosis in patients 
(Gerckens et al., 2021).

O3-induced signaling pathways are highly complex, involving a web 
of oxidative stress responses, inflammatory cascades, and cellular 
signaling mechanisms that collectively contribute to lung injury and 
inflammation. These pathways interact dynamically, with oxidative 
stress triggering the activation of transcription factors such as NF-κB and 
AP-1, which in turn regulate the expression of pro-inflammatory cyto-
kines and chemokines (Manzer et al., 2008; Mathews et al., 2017; 
Michaudel et al., 2020; Michaudel et al., 2016; Michaudel et al., 2018a; 
Michaudel et al., 2018b; Michaudel et al., 2018c; Pinart et al., 2013). 
The multifactorial nature of these processes poses significant challenges 
for single-target treatment approaches, as targeting a single pathway 
may fail to address compensatory mechanisms or secondary signaling 
loops that sustain injury and inflammation. Consequently, multi-target 
or combination therapies offer potential advantages by concurrently 
modulating multiple key components of the O3-induced response. Such 
strategies could, for example, combine antioxidants to neutralize reac-
tive oxygen species with inhibitors of inflammatory mediators, 
providing a more comprehensive approach to mitigating the complex, 
interconnected pathways driving O3-related lung pathology.

5. Conclusion

O3 exposure initiates cellular damage, initially causing oxeiptosis of 
the resident cell lining barrier, including leukocytes and non-leukocytes. 
Acute O3 exposure leads to the activation of the NLRP3 inflammasome 
and subsequent release of mature IL-1α and IL-1β, potent inflammatory 
mediators. This cytokine recruits and activates neutrophils and macro-
phages, exacerbating inflammation and causing additional tissue dam-
age. Furthermore, O3′s toxic adducts and endogenous damage- 
associated molecular patterns (DAMPs) activate receptors (TLR, 
inflammasomes, and DNA sensors) and secrete alarmins. This cascade 
releases alarmins, various inflammatory mediators (IL-1β, TNF, IL-6, IL- 
10, IL-17), and others. In silico analysis revealed that O3 exposure is 
correlated with the upregulation of Il-33, Areg, and Myd88 in the lungs, 
as well as the antioxidant Nfe2l2 (NFR2) and apoptotic protein Aimf1 
genes, suggesting that they are essential in O3-induced acute and chronic 
airway inflammation in mice, may be sustained by oxeiptosis and type 2 
immune response (Fig. 2). Prolonged exposure to O3 and other partic-
ulate pollutants exacerbates inflammation and may contribute to 
developing conditions such as emphysema, chronic inflammation, and 
fibrosis. Further exploring these inflammatory pathways is warranted to 
better understand their roles in O3-induced lung pathology and develop 
targeted therapeutic interventions.
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and Dr. Marc Le Bert from CNRS and the University of Orleans for their 
technical assistance and support during the ozone experiments in last 10 
years. Figures were made using Biorender.

Ethics approval:

Ethical review and approval were waived for this study due to the use 
of public-deposited data, and Human lung single-cell data was taken 
from the integrated Human Lung Cell Atlas (HLCA) core https://data. 
humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0, and 
downloaded via cellxgene (https://cellxgene.cziscience.com/collectio 
ns/6f6d381a-7701-4781-935c-db10d30de293). The mouse datasets 
presented in this study are public-deposited data and can be found in 
online repositories. The name of the repository and accession numbers 
can be found below: https://www.ncbi.nlm.nih.gov/geo/, GEO acces-
sion: GSE185006, GSE161538, and GSE156799.

Consent to participate:

Patient consent was waived due to the use of public-deposited data, 
found below: https://data.humancellatlas.org/hca-bio-networks/lun 
g/atlases/lung-v1-0, Human lung single-cell data was taken from the 
integrated Human Lung Cell Atlas (HLCA) core, downloaded via cellx-
gene (https://cellxgene.cziscience.com/collections/6f6d381a-7701 
-4781-935c-db10d30de293).

Availability of data and material:

The datasets presented in this study are public-deposited data and 
can be found in online repositories from the integrated Human Lung Cell 
Atlas (HLCA) core https://data.humancellatlas.org/hca-bio-networks/l 
ung/atlases/lung-v1-0, and from https://www.ncbi.nlm.nih.gov/geo/
by GEO accession number: GSE185006, GSE161538 and GSE156799.

Data availability

Data will be made available on request.

References

Agostini, L., Martinon, F., Burns, K., McDermott, M.F., Hawkins, P.N., Tschopp, J., 2004. 
NALP3 forms an IL-1beta-processing inflammasome with increased activity in 
Muckle-Wells autoinflammatory disorder. Immunity 20, 319–325.

Allen, I.C., Scull, M.A., Moore, C.B., Holl, E.K., McElvania-TeKippe, E., Taxman, D.J., 
Guthrie, E.H., Pickles, R.J., Ting, J.P., 2009. The NLRP3 inflammasome mediates in 

vivo innate immunity to influenza A virus through recognition of viral RNA. 
Immunity 30, 556–565.

Aschner, Y., Downey, G.P., 2016. Transforming growth factor-beta: master regulator of 
the respiratory system in health and disease. Am. J. Respir. Cell Mol. Biol. 54, 
647–655.

Backus, G.S., Howden, R., Fostel, J., Bauer, A.K., Cho, H.Y., Marzec, J., Peden, D.B., 
Kleeberger, S.R., 2010. Protective role of interleukin-10 in ozone-induced pulmonary 
inflammation. Environ. Health Perspect. 118, 1721–1727.

Bala, G.P., Rajnoveanu, R.M., Tudorache, E., Motisan, R., Oancea, C., 2021. Air pollution 
exposure-the (in)visible risk factor for respiratory diseases. Environ. Sci. Pollut. Res. 
Int. 28, 19615–19628.

Bateman, E.D., Rennard, S., Barnes, P.J., Dicpinigaitis, P.V., Gosens, R., Gross, N.J., 
Nadel, J.A., Pfeifer, M., Racke, K., Rabe, K.F., Rubin, B.K., Welte, T., Wessler, I., 
2009. Alternative mechanisms for tiotropium. Pulm. Pharmacol. Ther. 22, 533–542.

Bauer, A.K., Travis, E.L., Malhotra, S.S., Rondini, E.A., Walker, C., Cho, H.Y., Trivedi, S., 
Gladwell, W., Reddy, S., Kleeberger, S.R., 2010. Identification of novel susceptibility 
genes in ozone-induced inflammation in mice. Eur. Respir. J. 36, 428–437.

Bauer, R.N., Muller, L., Brighton, L.E., Duncan, K.E., Jaspers, I., 2015. Interaction with 
epithelial cells modifies airway macrophage response to ozone. Am. J. Respir. Cell 
Mol. Biol. 52, 285–294.

Becker, S., Jordan, R.L., Orlando, G.S., Koren, H.S., 1989. In vitro ozone exposure 
inhibits mitogen-induced lymphocyte proliferation and IL-2 production. J. Toxicol. 
Environ. Health 26, 469–483.

Bertheloot, D., Latz, E., 2017. HMGB1, IL-1alpha, IL-33 and S100 proteins: dual-function 
alarmins. Cell. Mol. Immunol. 14, 43–64.

Bhalla, D.K., Reinhart, P.G., Bai, C., Gupta, S.K., 2002. Amelioration of ozone-induced 
lung injury by anti-tumor necrosis factor-alpha. Toxicol. Sci. 69, 400–408.

Borish, L.C., Steinke, J.W., 2003. 2. Cytokines and chemokines. J. Allergy Clin. Immunol. 
111, S460–S475.

Bosson, J., Stenfors, N., Bucht, A., Helleday, R., Pourazar, J., Holgate, S.T., Kelly, F.J., 
Sandstrom, T., Wilson, S., Frew, A.J., Blomberg, A., 2003. Ozone-induced bronchial 
epithelial cytokine expression differs between healthy and asthmatic subjects. Clin 
Exp Allergy 33, 777–782.

Bugaut, H., El Morr, Y., Mestdagh, M., Darbois, A., Paiva, R.A., Salou, M., Perrin, L., 
Furstenheim, M., du Halgouet, A., Bilonda-Mutala, L., Le Gac, A.L., Arnaud, M., El 
Marjou, A., Guerin, C., Chaiyasitdhi, A., Piquet, J., Smadja, D.M., Cieslak, A., 
Ryffel, B., Maciulyte, V., Turner, J.M.A., Bernardeau, K., Montagutelli, X., Lantz, O., 
Legoux, F., 2024. A conserved transcriptional program for MAIT cells across 
mammalian evolution. J. Exp. Med. 221.

Burleson, G.R., Keyes, L.L., Stutzman, J.D., 1989. Immunosuppression of pulmonary 
natural killer activity by exposure to ozone. Immunopharmacol. Immunotoxicol. 11, 
715–735.

Byvoet, P., Balis, J.U., Shelley, S.A., Montgomery, M.R., Barber, M.J., 1995. Detection of 
hydroxyl radicals upon interaction of ozone with aqueous media or extracellular 
surfactant: the role of trace iron. Arch. Biochem. Biophys. 319, 464–469.

Calafiore, M., Fu, Y.Y., Vinci, P., Arnhold, V., Chang, W.Y., Jansen, S.A., Egorova, A., 
Takashima, S., Kuttiyara, J., Ito, T., Serody, J., Nakae, S., Turnquist, H., van Es, J., 
Clevers, H., Lindemans, C.A., Blazar, B.R., Hanash, A.M., 2023. A tissue-intrinsic IL- 
33/EGF circuit promotes epithelial regeneration after intestinal injury. Nat. 
Commun. 14, 5411.

Cassel, S.L., Eisenbarth, S.C., Iyer, S.S., Sadler, J.J., Colegio, O.R., Tephly, L.A., Carter, A. 
B., Rothman, P.B., Flavell, R.A., Sutterwala, F.S., 2008. The Nalp3 inflammasome is 
essential for the development of silicosis. PNAS 105, 9035–9040.

Cassel, S.L., Joly, S., Sutterwala, F.S., 2009. The NLRP3 inflammasome: a sensor of 
immune danger signals. Semin. Immunol. 21, 194–198.

Cho, H.Y., Morgan, D.L., Bauer, A.K., Kleeberger, S.R., 2007. Signal transduction 
pathways of tumor necrosis factor–mediated lung injury induced by ozone in mice. 
Am. J. Respir. Crit. Care Med. 175, 829–839.

Cho, H.Y., Zhang, L.Y., Kleeberger, S.R., 2001. Ozone-induced lung inflammation and 
hyperreactivity are mediated via tumor necrosis factor-alpha receptors. Am. J. 
Physiol. Lung Cell. Mol. Physiol. 280, L537–L546.

Chou, C.H., Chen, Y.F., Peng, H.C., Chen, C.Y., Cheng, B.W., 2023. Environmental 
pollutants increase the risks of acute exacerbation in patients with chronic airway 
disease. Front. Public Health 11, 1215224.

Chu, H., Hao, W., Cheng, Z., Huang, Y., Wang, S., Shang, J., Hou, X., Meng, Q., 
Zhang, Q., Jia, L., Zhou, W., Wang, P., Jia, G., Zhu, T., Wei, X., 2018. Black carbon 
particles and ozone-oxidized black carbon particles induced lung damage in mice 
through an interleukin-33 dependent pathway. Sci. Total Environ. 644, 217–228.

Cohen, M.D., Sisco, M., Li, Y., Zelikoff, J.T., Schlesinger, R.B., 2001. Ozone-induced 
modulation of cell-mediated immune responses in the lungs. Toxicol. Appl. 
Pharmacol. 171, 71–84.

Cohen, M.D., Zelikoff, J.T., Qu, Q., Schlesinger, R.B., 1996. Effects of ozone upon 
macrophage-interferon interactions. Toxicology 114, 243–252.

Cole, M.P., Freeman, B.A., 2009. Promotion of cardiovascular disease by exposure to the 
air pollutant ozone. Am. J. Physiol. Lung Cell. Mol. Physiol. 297, L205–L208.

Coll, R.C., Robertson, A.A., Chae, J.J., Higgins, S.C., Munoz-Planillo, R., Inserra, M.C., 
Vetter, I., Dungan, L.S., Monks, B.G., Stutz, A., Croker, D.E., Butler, M.S., 
Haneklaus, M., Sutton, C.E., Nunez, G., Latz, E., Kastner, D.L., Mills, K.H., Masters, S. 
L., Schroder, K., Cooper, M.A., O’Neill, L.A., 2015. A small-molecule inhibitor of the 
NLRP3 inflammasome for the treatment of inflammatory diseases. Nat. Med. 21, 
248–255.

Correa, R.O., Castro, P.R., Moser, R., Ferreira, C.M., Quesniaux, V.F.J., Vinolo, M.A.R., 
Ryffel, B., 2022. Butyrate: Connecting the gut-lung axis to the management of 
pulmonary disorders. Front. Nutr. 9, 1011732.

Day, D.B., Xiang, J., Mo, J., Li, F., Chung, M., Gong, J., Weschler, C.J., Ohman- 
Strickland, P.A., Sundell, J., Weng, W., Zhang, Y., Zhang, J.J., 2017. Association of 

R.C. Russo et al.                                                                                                                                                                                                                                Environment International 198 (2025) 109391 

13 

https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293
https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293
https://www.ncbi.nlm.nih.gov/geo/
https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293
https://cellxgene.cziscience.com/collections/6f6d381a-7701-4781-935c-db10d30de293
https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
https://www.ncbi.nlm.nih.gov/geo/
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0005
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0005
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0005
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0010
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0010
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0010
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0010
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0015
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0015
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0015
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0020
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0020
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0020
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0025
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0025
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0025
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0030
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0030
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0030
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0035
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0035
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0035
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0040
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0040
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0040
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0045
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0045
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0045
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0050
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0050
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0055
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0055
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0060
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0060
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0065
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0065
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0065
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0065
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0070
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0075
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0075
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0075
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0080
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0080
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0080
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0085
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0085
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0085
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0085
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0085
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0090
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0090
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0090
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0095
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0095
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0100
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0100
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0100
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0105
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0105
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0105
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0110
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0110
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0110
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0115
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0115
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0115
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0115
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0120
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0120
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0120
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0125
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0125
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0130
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0130
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0135
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0140
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0140
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0140
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0145
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0145


ozone exposure with cardiorespiratory pathophysiologic mechanisms in healthy 
adults. JAMA Intern. Med. 177, 1344–1353.

Dinarello, C.A., 2009. Interleukin-1beta and the autoinflammatory diseases. N. Engl. J. 
Med. 360, 2467–2470.

Dostert, C., Petrilli, V., Van Bruggen, R., Steele, C., Mossman, B.T., Tschopp, J., 2008. 
Innate immune activation through Nalp3 inflammasome sensing of asbestos and 
silica. Science 320, 674–677.

Dunigan-Russell, K., Yaeger, M.J., Hodge, M.X., Kilburg-Basnyat, B., Reece, S.W., 
Birukova, A., Guttenberg, M.A., Novak, C., Chung, S., Ehrmann, B.M., Wallace, E.D., 
Tokarz, D., Majumder, N., Xia, L., Christman, J.W., Shannahan, J., Ballinger, M.N., 
Hussain, S., Shaikh, S.R., Tighe, R.M., Gowdy, K.M., 2023. Scavenger receptor BI 
attenuates oxidized phospholipid-induced pulmonary inflammation. Toxicol. Appl. 
Pharmacol. 462, 116381.

Dziedzic, D., White, H.J., 1987. Quantitation of ozone-induced lung lesion density after 
treatment with an interferon inducer or an anti-interferon antibody. Toxicol. Lett. 
39, 51–62.

Dziedzic, D., Wright, E.S., Sargent, N.E., 1990. Pulmonary response to ozone: reaction of 
bronchus-associated lymphoid tissue and lymph node lymphocytes in the rat. 
Environ. Res. 51, 194–208.

Estrella, B., Naumova, E.N., Cepeda, M., Voortman, T., Katsikis, P.D., Drexhage, H.A., 
2019. Effects of air pollution on lung innate lymphoid cells: review of in vitro and in 
vivo experimental studies. Int. J. Environ. Res. Public Health 16.

Fakhrzadeh, L., Laskin, J.D., Laskin, D.L., 2004. Ozone-induced production of nitric 
oxide and TNF-alpha and tissue injury are dependent on NF-kappaB p50. Am. J. 
Physiol. Lung Cell. Mol. Physiol. 287, L279–L285.

Faria, A.M.C., Reis, B.S., Mucida, D., 2017. Tissue adaptation: Implications for gut 
immunity and tolerance. J. Exp. Med. 214, 1211–1226.

Farraj, A.K., Boykin, E., Ledbetter, A., Andrews, D., Gavett, S.H., 2010. Increased lung 
resistance after diesel particulate and ozone co-exposure not associated with 
enhanced lung inflammation in allergic mice. Inhal. Toxicol. 22, 33–41.

Fellows, R., Varga-Weisz, P., 2020. Chromatin dynamics and histone modifications in 
intestinal microbiota-host crosstalk. Mol. Metab. 38, 100925.

Florentin, J., Zhao, J., Tai, Y.Y., Sun, W., Ohayon, L.L., O’Neil, S.P., Arunkumar, A., 
Zhang, X., Zhu, J., Al Aaraj, Y., Watson, A., Sembrat, J., Rojas, M., Chan, S.Y., 
Dutta, P., 2022. Loss of Amphiregulin drives inflammation and endothelial apoptosis 
in pulmonary hypertension. Life Sci. Alliance 5.

Frush, B.W., Li, Z., Stiles, J.V., Cotter, S.F., Shofer, S.L., Foster, W.M., Hollingsworth, J. 
W., Tighe, R.M., 2016. Ozone primes alveolar macrophage-derived innate immunity 
in healthy human subjects. J. Allergy Clin. Immunol. 138 (1213–1215), e1211.

Fry, R.C., Rager, J.E., Bauer, R., Sebastian, E., Peden, D.B., Jaspers, I., Alexis, N.E., 2014. 
Air toxics and epigenetic effects: ozone altered microRNAs in the sputum of human 
subjects. Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L1129–L1137.

Gangwar, R.S., Bevan, G.H., Palanivel, R., Das, L., Rajagopalan, S., 2020. Oxidative stress 
pathways of air pollution mediated toxicity: Recent insights. Redox Biol. 34, 101545.

Gao, Q., Zang, E., Bi, J., Dubrow, R., Lowe, S.R., Chen, H., Zeng, Y., Shi, L., Chen, K., 
2022. Long-term ozone exposure and cognitive impairment among Chinese older 
adults: A cohort study. Environ. Int. 160, 107072.

Gasse, P., Mary, C., Guenon, I., Noulin, N., Charron, S., Schnyder-Candrian, S., 
Schnyder, B., Akira, S., Quesniaux, V.F., Lagente, V., Ryffel, B., Couillin, I., 2007. IL- 
1R1/MyD88 signaling and the inflammasome are essential in pulmonary 
inflammation and fibrosis in mice. J. Clin. Invest. 117, 3786–3799.

Ge, M.Q., Kokalari, B., Flayer, C.H., Killingbeck, S.S., Redai, I.G., MacFarlane, A.W.T., 
Hwang, J.W., Kolupoti, A., Kemeny, M.D., Campbell, K.S., Haczku, A., 2016. Cutting 
edge: role of NK cells and surfactant protein D in dendritic cell lymph node homing: 
effects of ozone exposure. J. Immunol. 196, 553–557.

Gerckens, M., Schorpp, K., Pelizza, F., Wograth, M., Reichau, K., Ma, H., Dworsky, A.M., 
Sengupta, A., Stoleriu, M.G., Heinzelmann, K., Merl-Pham, J., Irmler, M., Alsafadi, H. 
N., Trenkenschuh, E., Sarnova, L., Jirouskova, M., Friess, W., Hauck, S.M., 
Beckers, J., Kneidinger, N., Behr, J., Hilgendorff, A., Hadian, K., Lindner, M., 
Konigshoff, M., Eickelberg, O., Gregor, M., Plettenburg, O., Yildirim, A.O., 
Burgstaller, G., 2021. Phenotypic drug screening in a human fibrosis model 
identified a novel class of antifibrotic therapeutics. Sci. Adv. 7 eabb3673. 

Gerrity, T.R., Biscardi, F., Strong, A., Garlington, A.R., Brown, J.S., Bromberg, P.A., 
1985. Bronchoscopic determination of ozone uptake in humans. J. Appl. Physiol. 
1995 (79), 852–860.

Ghanbari Ghozikali, M., Heibati, B., Naddafi, K., Kloog, I., Oliveri Conti, G., Polosa, R., 
Ferrante, M., 2016. Evaluation of Chronic Obstructive Pulmonary Disease (COPD) 
attributed to atmospheric O3, NO2, and SO2 using Air Q Model (2011-2012 year). 
Environ. Res. 144, 99–105.

Gombault, A., Baron, L., Couillin, I., 2012. ATP release and purinergic signaling in 
NLRP3 inflammasome activation. Front. Immunol. 3, 414.

Guan, R., Pan, M., Xu, X., Du, L., Rao, X., Fu, G., Lv, T., Zhang, L., Li, Y., Tang, P., 
Zhou, Y., Wang, Y., Zhang, Z., Gao, J., Zhou, H., Mi, W., Hua, G., 2023. Interleukin- 
33 Potentiates TGF-beta Signaling to Regulate Intestinal Stem Cell Regeneration 
After Radiation Injury. Cell Transplant. 32, 9636897231177377.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. Lancet 383, 
1581–1592.

Gunes Gunsel, G., Conlon, T.M., Jeridi, A., Kim, R., Ertuz, Z., Lang, N.J., Ansari, M., 
Novikova, M., Jiang, D., Strunz, M., Gaianova, M., Hollauer, C., Gabriel, C., 
Angelidis, I., Doll, S., Pestoni, J.C., Edelmann, S.L., Kohlhepp, M.S., Guillot, A., 
Bassler, K., Van Eeckhoutte, H.P., Kayalar, O., Konyalilar, N., Kanashova, T., 
Rodius, S., Ballester-Lopez, C., Genes Robles, C.M., Smirnova, N., Rehberg, M., 
Agarwal, C., Krikki, I., Piavaux, B., Verleden, S.E., Vanaudenaerde, B., 
Konigshoff, M., Dittmar, G., Bracke, K.R., Schultze, J.L., Watz, H., Eickelberg, O., 
Stoeger, T., Burgstaller, G., Tacke, F., Heissmeyer, V., Rinkevich, Y., Bayram, H., 
Schiller, H.B., Conrad, M., Schneider, R., Yildirim, A.O., 2022. The arginine 

methyltransferase PRMT7 promotes extravasation of monocytes resulting in tissue 
injury in COPD. Nat. Commun. 13, 1303.

Haag, S.M., Gulen, M.F., Reymond, L., Gibelin, A., Abrami, L., Decout, A., Heymann, M., 
van der Goot, F.G., Turcatti, G., Behrendt, R., Ablasser, A., 2018. Targeting STING 
with covalent small-molecule inhibitors. Nature 559, 269–273.

Hasenberg, M., Stegemann-Koniszewski, S., Gunzer, M., 2013. Cellular immune reactions 
in the lung. Immunol. Rev. 251, 189–214.

Hathaway, Q.A., Majumder, N., Goldsmith, W.T., Kunovac, A., Pinti, M.V., Harkema, J. 
R., Castranova, V., Hollander, J.M., Hussain, S., 2021. Transcriptomics of single dose 
and repeated carbon black and ozone inhalation co-exposure highlight progressive 
pulmonary mitochondrial dysfunction. Part. Fibre Toxicol. 18, 44.

Hezaveh, K., Shinde, R.S., Klotgen, A., Halaby, M.J., Lamorte, S., Ciudad, M.T., 
Quevedo, R., Neufeld, L., Liu, Z.Q., Jin, R., Grunwald, B.T., Foerster, E.G., 
Chaharlangi, D., Guo, M., Makhijani, P., Zhang, X., Pugh, T.J., Pinto, D.M., Co, I.L., 
McGuigan, A.P., Jang, G.H., Khokha, R., Ohashi, P.S., O’Kane, G.M., Gallinger, S., 
Navarre, W.W., Maughan, H., Philpott, D.J., Brooks, D.G., McGaha, T.L., 2022. 
Tryptophan-derived microbial metabolites activate the aryl hydrocarbon receptor in 
tumor-associated macrophages to suppress anti-tumor immunity. Immunity 55 
(324–340) e328. 

Hise, A.G., Tomalka, J., Ganesan, S., Patel, K., Hall, B.A., Brown, G.D., Fitzgerald, K.A., 
2009. An essential role for the NLRP3 inflammasome in host defense against the 
human fungal pathogen Candida albicans. Cell Host Microbe 5, 487–497.

Hollingsworth, J.W., Free, M.E., Li, Z., Andrews, L.N., Nakano, H., Cook, D.N., 2010. 
Ozone activates pulmonary dendritic cells and promotes allergic sensitization 
through a Toll-like receptor 4-dependent mechanism. J. Allergy Clin. Immunol. 125, 
1167–1170.

Hollingsworth, J.W., Kleeberger, S.R., Foster, W.M., 2007. Ozone and pulmonary innate 
immunity. Proc. Am. Thorac. Soc. 4, 240–246.

Holze, C., Michaudel, C., Mackowiak, C., Haas, D.A., Benda, C., Hubel, P., Pennemann, F. 
L., Schnepf, D., Wettmarshausen, J., Braun, M., Leung, D.W., Amarasinghe, G.K., 
Perocchi, F., Staeheli, P., Ryffel, B., Pichlmair, A., 2018. Oxeiptosis, a ROS-induced 
caspase-independent apoptosis-like cell-death pathway. Nat. Immunol. 19, 130–140.

Hooftman, A., Angiari, S., Hester, S., Corcoran, S.E., Runtsch, M.C., Ling, C., Ruzek, M.C., 
Slivka, P.F., McGettrick, A.F., Banahan, K., Hughes, M.M., Irvine, A.D., Fischer, R., 
O’Neill, L.A.J., 2020. The Immunomodulatory Metabolite Itaconate Modifies NLRP3 
and Inhibits Inflammasome Activation. Cell Metab. 32 (468–478), e467.

Hornung, V., Bauernfeind, F., Halle, A., Samstad, E.O., Kono, H., Rock, K.L., 
Fitzgerald, K.A., Latz, E., 2008. Silica crystals and aluminum salts activate the 
NALP3 inflammasome through phagosomal destabilization. Nat. Immunol. 9, 
847–856.

Hu, S.C., Ben-Jebria, A., Ultman, J.S., 1985. Longitudinal distribution of ozone 
absorption in the lung: effects of respiratory flow. J. Appl. Physiol. 1994 (77), 
574–583.

Hussain, S., Majumder, N., Mazumder, M.H.H., Lewis, S.E., Olapeju, O., Velayutham, M., 
Amin, M.S., Brundage, K., Kelley, E.E., Vanoirbeek, J., 2024. Intermittent ozone 
inhalation during house dust mite-induced sensitization primes for adverse asthma 
phenotype. Redox Biol. 76, 103330.

Iwasaki, A., Medzhitov, R., 2010. Regulation of adaptive immunity by the innate immune 
system. Science 327, 291–295.

Jang, A.S., Choi, I.S., Lee, J.H., Park, C.S., 2006. Prolonged ozone exposure in an allergic 
airway disease model: adaptation of airway responsiveness and airway remodeling. 
Respir. Res. 7, 24.

Jessop, F., Holian, A., 2015. Extracellular HMGB1 regulates multi-walled carbon 
nanotube-induced inflammation in vivo. Nanotoxicology 9, 365–372.

Johannson, K.A., Vittinghoff, E., Lee, K., Balmes, J.R., Ji, W., Kaplan, G.G., Kim, D.S., 
Collard, H.R., 2014. Acute exacerbation of idiopathic pulmonary fibrosis associated 
with air pollution exposure. Eur. Respir. J. 43, 1124–1131.

Johnston, C.J., Holm, B.A., Finkelstein, J.N., 2005a. Sequential exposures to ozone and 
lipopolysaccharide in postnatal lung enhance or inhibit cytokine responses. Exp. 
Lung Res. 31, 431–447.

Johnston, C.J., Oberdorster, G., Gelein, R., Finkelstein, J.N., 2002. Endotoxin potentiates 
ozone-induced pulmonary chemokine and inflammatory responses. Exp. Lung Res. 
28, 419–433.

Johnston, R.A., Mizgerd, J.P., Flynt, L., Quinton, L.J., Williams, E.S., Shore, S.A., 2007. 
Type I interleukin-1 receptor is required for pulmonary responses to subacute ozone 
exposure in mice. Am. J. Respir. Cell Mol. Biol. 37, 477–484.

Johnston, R.A., Mizgerd, J.P., Shore, S.A., 2005b. CXCR2 is essential for maximal 
neutrophil recruitment and methacholine responsiveness after ozone exposure. Am. 
J. Physiol. Lung Cell. Mol. Physiol. 288, L61–L67.

Johnston, R.A., Schwartzman, I.N., Flynt, L., Shore, S.A., 2005c. Role of interleukin-6 in 
murine airway responses to ozone. Am. J. Physiol. Lung Cell. Mol. Physiol. 288, 
L390–L397.

Kageyama, T., Ito, T., Tanaka, S., Nakajima, H., 2024. Physiological and immunological 
barriers in the lung. Semin. Immunopathol. 45, 533–547.

Kanneganti, T.D., Body-Malapel, M., Amer, A., Park, J.H., Whitfield, J., Franchi, L., 
Taraporewala, Z.F., Miller, D., Patton, J.T., Inohara, N., Nunez, G., 2006. Critical 
role for Cryopyrin/Nalp3 in activation of caspase-1 in response to viral infection and 
double-stranded RNA. J. Biol. Chem. 281, 36560–36568.

Kasahara, D.I., Kim, H.Y., Mathews, J.A., Verbout, N.G., Williams, A.S., Wurmbrand, A. 
P., Ninin, F.M., Neto, F.L., Benedito, L.A., Hug, C., Umetsu, D.T., Shore, S.A., 2014. 
Pivotal role of IL-6 in the hyperinflammatory responses to subacute ozone in 
adiponectin-deficient mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 306, L508–L520.

Kasahara, D.I., Shore, S.A., 2020. IL-33, diet-induced obesity, and pulmonary responses 
to ozone. Respir. Res. 21, 98.

R.C. Russo et al.                                                                                                                                                                                                                                Environment International 198 (2025) 109391 

14 

http://refhub.elsevier.com/S0160-4120(25)00142-4/h0145
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0145
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0150
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0150
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0155
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0155
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0155
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0160
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0165
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0165
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0165
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0170
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0170
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0170
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0175
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0175
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0175
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0180
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0180
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0180
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0185
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0185
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0190
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0190
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0190
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0195
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0195
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0200
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0200
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0200
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0200
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0205
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0205
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0205
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0210
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0210
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0210
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0215
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0215
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0220
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0220
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0220
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0225
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0225
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0225
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0225
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0230
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0230
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0230
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0230
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0235
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0240
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0240
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0240
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0245
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0245
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0245
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0245
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0250
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0250
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0255
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0255
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0255
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0255
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0260
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0260
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0265
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0270
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0270
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0270
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0275
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0275
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0280
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0280
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0280
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0280
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0285
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0290
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0290
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0290
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0295
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0295
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0295
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0295
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0300
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0300
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0305
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0305
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0305
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0305
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0310
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0310
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0310
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0310
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0315
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0315
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0315
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0315
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0320
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0320
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0320
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0325
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0325
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0325
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0325
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0330
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0330
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0335
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0335
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0335
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0340
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0340
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0345
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0345
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0345
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0350
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0350
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0350
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0355
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0355
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0355
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0360
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0360
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0360
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0365
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0365
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0365
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0370
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0370
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0370
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0375
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0375
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0380
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0380
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0380
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0380
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0385
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0385
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0385
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0385
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0390
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0390


Kasdagli, M.I., Orellano, P., Perez Velasco, R., Samoli, E., 2024. Long-term exposure to 
nitrogen dioxide and ozone and mortality: update of the WHO air quality guidelines 
systematic review and meta-analysis. Int. J. Public Health 69, 1607676.

Katre, A., Ballinger, C., Akhter, H., Fanucchi, M., Kim, D.K., Postlethwait, E., Liu, R.M., 
2011. Increased transforming growth factor beta 1 expression mediates ozone- 
induced airway fibrosis in mice. Inhal. Toxicol. 23, 486–494.

Kawai, T., Ikegawa, M., Ori, D., Akira, S., 2024. Decoding toll-like receptors: Recent 
insights and perspectives in innate immunity. Immunity 57, 649–673.

Kelly, F.J., Fussell, J.C., 2011. Air pollution and airway disease. Clin Exp Allergy 41, 
1059–1071.

Kerstjens, H.A., Moroni-Zentgraf, P., Tashkin, D.P., Dahl, R., Paggiaro, P., 
Vandewalker, M., Schmidt, H., Engel, M., Bateman, E.D., 2016. Tiotropium improves 
lung function, exacerbation rate, and asthma control, independent of baseline 
characteristics including age, degree of airway obstruction, and allergic status. 
Respir. Med. 117, 198–206.

Kilian, J., Kitazawa, M., 2018. The emerging risk of exposure to air pollution on cognitive 
decline and Alzheimer’s disease - Evidence from epidemiological and animal studies. 
Biomed J 41, 141–162.

Kim, C.S., Alexis, N.E., Rappold, A.G., Kehrl, H., Hazucha, M.J., Lay, J.C., Schmitt, M.T., 
Case, M., Devlin, R.B., Peden, D.B., Diaz-Sanchez, D., 2011. Lung function and 
inflammatory responses in healthy young adults exposed to 0.06 ppm ozone for 6.6 
hours. Am. J. Respir. Crit. Care Med. 183, 1215–1221.

Kim, E., Huh, H., Mo, Y., Park, J.Y., Jung, J., Lee, H., Kim, S., Kim, D.K., Kim, Y.S., 
Lim, C.S., Lee, J.P., Kim, Y.C., Kim, H., 2024. Long-term ozone exposure and 
mortality in patients with chronic kidney disease: a large cohort study. BMC 
Nephrol. 25, 74.

Kim, H.Y., Chang, Y.J., Chuang, Y.T., Lee, H.H., Kasahara, D.I., Martin, T., Hsu, J.T., 
Savage, P.B., Shore, S.A., Freeman, G.J., Dekruyff, R.H., Umetsu, D.T., 2013. T-cell 
immunoglobulin and mucin domain 1 deficiency eliminates airway hyperreactivity 
triggered by the recognition of airway cell death. J. Allergy Clin. Immunol. 132 
(414–425), e416.

Kim, H.Y., Chang, Y.J., Subramanian, S., Lee, H.H., Albacker, L.A., Matangkasombut, P., 
Savage, P.B., McKenzie, A.N., Smith, D.E., Rottman, J.B., DeKruyff, R.H., Umetsu, D. 
T., 2012. Innate lymphoid cells responding to IL-33 mediate airway hyperreactivity 
independently of adaptive immunity. J. Allergy Clin. Immunol. 129 (216–227), 
e211–e216.

Kim, S.Y., Kim, E., Kim, W.J., 2020. Health effects of ozone on respiratory diseases. 
Tuberc Respir Dis (seoul) 83, S6–S11.

Kistemaker, L.E., Hiemstra, P.S., Bos, I.S., Bouwman, S., van den Berge, M., Hylkema, M. 
N., Meurs, H., Kerstjens, H.A., Gosens, R., 2015. Tiotropium attenuates IL-13- 
induced goblet cell metaplasia of human airway epithelial cells. Thorax 70, 
668–676.

Kistemaker, L.E.M., Elzinga, C.R.S., Tautermann, C.S., Pieper, M.P., Seeliger, D., 
Alikhil, S., Schmidt, M., Meurs, H., Gosens, R., 2019. Second M(3) muscarinic 
receptor binding site contributes to bronchoprotection by tiotropium. Br. J. 
Pharmacol. 176, 2864–2876.

Koto, H., Salmon, M., Haddad el, B., Huang, T.J., Zagorski, J., Chung, K.F., 1997. Role of 
cytokine-induced neutrophil chemoattractant (CINC) in ozone-induced airway 
inflammation and hyperresponsiveness. Am. J. Respir. Crit. Care Med. 156, 
234–239.

Kudo, M., Nishikawa, M., Ikeda, H., Okubo, T., 1996. Involvement of superoxide anions 
in ozone-induced airway hyperresponsiveness in unanesthetized guinea pigs. 
Environ. Toxicol. Pharmacol. 2, 25–30.

Kumagai, K., Lewandowski, R., Jackson-Humbles, D.N., Li, N., Van Dyken, S.J., 
Wagner, J.G., Harkema, J.R., 2016. Ozone-induced nasal type 2 immunity in mice is 
dependent on innate lymphoid cells. Am. J. Respir. Cell Mol. Biol. 54, 782–791.

Lamkanfi, M., Dixit, V.M., 2012. Inflammasomes and their roles in health and disease. 
Annu. Rev. Cell Dev. Biol. 28, 137–161.

Lan, D., Fermoyle, C.C., Troy, L.K., Knibbs, L.D., Corte, T.J., 2023. The impact of air 
pollution on interstitial lung disease: a systematic review and meta-analysis. Front. 
Med. (lausanne) 10, 1321038.

Last, J.A., Ward, R., Temple, L., Kenyon, N.J., 2004. Ovalbumin-induced airway 
inflammation and fibrosis in mice also exposed to ozone. Inhal. Toxicol. 16, 33–43.

Lewis, G., Wang, B., Shafiei Jahani, P., Hurrell, B.P., Banie, H., Aleman Muench, G.R., 
Maazi, H., Helou, D.G., Howard, E., Galle-Treger, L., Lo, R., Santosh, S., Baltus, A., 
Bongers, G., San-Mateo, L., Gilliland, F.D., Rehan, V.K., Soroosh, P., Akbari, O., 
2019. Dietary fiber-induced microbial short chain fatty acids suppress ILC2- 
dependent airway inflammation. Front. Immunol. 10, 2051.

Li, X., Chen, Q., Zheng, X., Li, Y., Han, M., Liu, T., Xiao, J., Guo, L., Zeng, W., Zhang, J., 
Ma, W., 2019. Effects of ambient ozone concentrations with different averaging 
times on asthma exacerbations: A meta-analysis. Sci. Total Environ. 691, 549–561.

Li, Z., Potts, E.N., Piantadosi, C.A., Foster, W.M., Hollingsworth, J.W., 2010. Hyaluronan 
fragments contribute to the ozone-primed immune response to lipopolysaccharide. 
J. Immunol. 185, 6891–6898.

Li, Z., Potts-Kant, E.N., Garantziotis, S., Foster, W.M., Hollingsworth, J.W., 2011. 
Hyaluronan signaling during ozone-induced lung injury requires TLR4, MyD88, and 
TIRAP. PLoS One 6, e27137.

Liang, L., Li, F., Bao, A., Zhang, M., Chung, K.F., Zhou, X., 2013. Activation of p38 
mitogen-activated protein kinase in ovalbumin and ozone-induced mouse model of 
asthma. Respirology 18 (Suppl 3), 20–29.

Liang, S., Lu, Z., Cai, L., Zhu, M., Zhou, H., Zhang, J., 2024. Multi-Omics analysis reveals 
molecular insights into the effects of acute ozone exposure on lung tissues of normal 
and obese male mice. Environ. Int. 183, 108436.

Ling, W., Ren, Z., Wang, W., Lu, D., Zhou, Q., Liu, Q., Jiang, G., 2023. Chronic ambient 
ozone exposure aggravates autism-like symptoms in a susceptible mouse model. 
Environ. Sci. Tech. 57, 14248–14259.

Liu, Y., Ma, Y.H., Yang, J.W., Man, J.W., Wang, H.B., Li, Y., Liang, C., Cao, J.L., Chen, S. 
Y., Li, K.P., Yang, L., 2023. Rethinking neutrophil extracellular traps. Int. 
Immunopharmacol. 124, 110834.

Long, E., Carlsten, C., 2022. Controlled human exposure to diesel exhaust: results 
illuminate health effects of traffic-related air pollution and inform future directions. 
Part. Fibre Toxicol. 19, 11.

Lu, J., Yao, L., 2023. Observational evidence for detrimental impact of inhaled ozone on 
human respiratory system. BMC Public Health 23, 929.

Madden, M.C., Richards, J.H., Dailey, L.A., Hatch, G.E., Ghio, A.J., 2000. Effect of ozone 
on diesel exhaust particle toxicity in rat lung. Toxicol. Appl. Pharmacol. 168, 
140–148.

Majumder, N., Goldsmith, W.T., Kodali, V.K., Velayutham, M., Friend, S.A., 
Khramtsov, V.V., Nurkiewicz, T.R., Erdely, A., Zeidler-Erdely, P.C., Castranova, V., 
Harkema, J.R., Kelley, E.E., Hussain, S., 2021. Oxidant-induced epithelial alarmin 
pathway mediates lung inflammation and functional decline following ultrafine 
carbon and ozone inhalation co-exposure. Redox Biol. 46, 102092.

Majumder, N., Kodali, V., Velayutham, M., Goldsmith, T., Amedro, J., Khramtsov, V.V., 
Erdely, A., Nurkiewicz, T.R., Harkema, J.R., Kelley, E.E., Hussain, S., 2023. Aerosol 
physicochemical determinants of carbon black and ozone inhalation co-exposure 
induced pulmonary toxicity. Toxicol. Sci. 191, 61–78.

Malik, F., Cromar, K.R., Atkins, C.L., Price, R.E., Jackson, W.T., Siddiqui, S.R., 
Spencer, C.Y., Mitchell, N.C., Haque, I.U., Johnston, R.A., 2017. Chemokine (C-C 
motif) receptor-like 2 is not essential for lung injury, lung inflammation, or airway 
hyperresponsiveness induced by acute exposure to ozone. Physiol. Rep.

Manzer, R., Dinarello, C.A., McConville, G., Mason, R.J., 2008. Ozone exposure of 
macrophages induces an alveolar epithelial chemokine response through IL-1alpha. 
Am. J. Respir. Cell Mol. Biol. 38, 318–323.

Mathews, J.A., Krishnamoorthy, N., Kasahara, D.I., Cho, Y., Wurmbrand, A.P., 
Ribeiro, L., Smith, D., Umetsu, D., Levy, B.D., Shore, S.A., 2017. IL-33 Drives 
Augmented Responses to Ozone in Obese Mice. Environ. Health Perspect. 125, 
246–253.

Mathews, J.A., Williams, A.S., Brand, J.D., Wurmbrand, A.P., Chen, L., Ninin, F.M., 
Si, H., Kasahara, D.I., Shore, S.A., 2014. gammadelta T cells are required for 
pulmonary IL-17A expression after ozone exposure in mice: role of TNFalpha. PLoS 
One 9, e97707.

Mauderly, J.L., 1984. Respiratory function responses of animals and man to oxidant 
gases and to pulmonary emphysema. J. Toxicol. Environ. Health 13, 345–361.

Medzhitov, R., 2001. Toll-like receptors and innate immunity. Nat. Rev. Immunol. 1, 
135–145.

Medzhitov, R., 2021. The spectrum of inflammatory responses. Science 374, 1070–1075.
Mettelman, R.C., Allen, E.K., Thomas, P.G., 2022. Mucosal immune responses to 

infection and vaccination in the respiratory tract. Immunity 55, 749–780.
Michalec, L., Choudhury, B.K., Postlethwait, E., Wild, J.S., Alam, R., Lett-Brown, M., 

Sur, S., 2002. CCL7 and CXCL10 orchestrate oxidative stress-induced neutrophilic 
lung inflammation. J. Immunol. 168, 846–852.

Michaudel, C., Bataille, F., Maillet, I., Fauconnier, L., Colas, C., Sokol, H., Straube, M., 
Couturier-Maillard, A., Dumoutier, L., van Snick, J., Quesniaux, V.F., Togbe, D., 
Ryffel, B., 2020. Ozone-induced aryl hydrocarbon receptor activation controls lung 
inflammation via interleukin-22 modulation. Front. Immunol. 11, 144.

Michaudel, C., Couturier-Maillard, A., Chenuet, P., Maillet, I., Mura, C., Couillin, I., 
Gombault, A., Quesniaux, V.F., Huaux, F., Ryffel, B., 2016. Inflammasome, IL-1 and 
inflammation in ozone-induced lung injury. Am. J. Clin. Exp. Immunol. 5, 33–40.

Michaudel, C., Fauconnier, L., Jule, Y., Ryffel, B., 2018a. Functional and morphological 
differences of the lung upon acute and chronic ozone exposure in mice. Sci. Rep. 8, 
10611.

Michaudel, C., Mackowiak, C., Maillet, I., Fauconnier, L., Akdis, C.A., Sokolowska, M., 
Dreher, A., Tan, H.T., Quesniaux, V.F., Ryffel, B., Togbe, D., 2018b. Ozone exposure 
induces respiratory barrier biphasic injury and inflammation controlled by IL-33. 
J. Allergy Clin. Immunol. 142, 942–958.

Michaudel, C., Maillet, I., Fauconnier, L., Quesniaux, V., Chung, K.F., Wiegman, C., 
Peter, D., Ryffel, B., 2018c. Interleukin-1alpha mediates ozone-induced myeloid 
differentiation factor-88-dependent epithelial tissue injury and inflammation. Front. 
Immunol. 9, 916.

Misra, D.P., Agarwal, V., 2022. Th17.1 lymphocytes: emerging players in the orchestra of 
immune-mediated inflammatory diseases. Clin. Rheumatol. 41, 2297–2308.

Mumby, S., Chung, K.F., Adcock, I.M., 2019. Transcriptional effects of ozone and impact 
on airway inflammation. Front. Immunol. 10, 1610.

Ng, C.T., Fong, L.Y., Abdullah, M.N.H., 2023. Interferon-gamma (IFN-gamma): 
Reviewing its mechanisms and signaling pathways on the regulation of endothelial 
barrier function. Cytokine 166, 156208.

Ogata-Suetsugu, S., Yanagihara, T., Hamada, N., Ikeda-Harada, C., Yokoyama, T., 
Suzuki, K., Kawaguchi, T., Maeyama, T., Kuwano, K., Nakanishi, Y., 2017. 
Amphiregulin suppresses epithelial cell apoptosis in lipopolysaccharide-induced 
lung injury in mice. Biochem. Biophys. Res. Commun. 484, 422–428.

Orellano, P., Reynoso, J., Quaranta, N., 2021. Short-term exposure to sulphur dioxide 
(SO(2)) and all-cause and respiratory mortality: A systematic review and meta- 
analysis. Environ. Int. 150, 106434.

Orru, H., Andersson, C., Ebi, K.L., Langner, J., Astrom, C., Forsberg, B., 2013. Impact of 
climate change on ozone-related mortality and morbidity in Europe. Eur. Respir. J. 
41, 285–294.

Peden, D.B., 2011. The role of oxidative stress and innate immunity in O(3) and 
endotoxin-induced human allergic airway disease. Immunol. Rev. 242, 91–105.

Pedra, J.H., Cassel, S.L., Sutterwala, F.S., 2009. Sensing pathogens and danger signals by 
the inflammasome. Curr. Opin. Immunol. 21, 10–16.

R.C. Russo et al.                                                                                                                                                                                                                                Environment International 198 (2025) 109391 

15 

http://refhub.elsevier.com/S0160-4120(25)00142-4/h0395
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0395
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0395
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0400
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0400
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0400
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0405
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0405
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0410
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0410
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0415
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0415
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0415
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0415
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0415
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0420
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0420
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0420
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0425
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0425
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0425
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0425
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0430
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0430
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0430
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0430
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0435
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0435
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0435
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0435
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0435
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0440
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0440
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0440
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0440
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0440
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0445
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0445
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0450
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0450
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0450
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0450
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0455
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0455
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0455
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0455
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0460
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0460
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0460
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0460
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0465
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0465
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0465
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0470
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0470
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0470
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0475
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0475
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0480
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0480
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0480
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0485
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0485
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0490
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0490
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0490
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0490
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0490
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0495
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0495
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0495
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0500
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0500
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0500
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0505
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0505
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0505
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0510
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0510
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0510
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0515
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0515
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0515
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0520
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0520
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0520
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0525
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0525
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0525
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0530
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0530
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0530
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0535
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0535
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0540
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0540
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0540
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0545
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0545
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0545
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0545
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0545
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0550
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0550
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0550
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0550
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0555
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0555
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0555
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0555
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0560
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0560
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0560
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0565
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0565
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0565
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0565
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0570
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0570
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0570
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0570
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0575
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0575
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0580
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0580
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0585
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0590
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0590
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0595
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0595
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0595
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0600
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0600
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0600
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0600
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0605
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0605
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0605
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0610
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0610
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0610
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0615
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0615
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0615
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0615
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0620
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0620
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0620
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0620
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0625
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0625
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0630
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0630
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0635
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0635
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0635
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0640
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0640
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0640
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0640
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0645
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0645
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0645
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0650
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0650
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0650
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0655
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0655
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0660
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0660


Pelegrin, P., Surprenant, A., 2007. Pannexin-1 couples to maitotoxin- and nigericin- 
induced interleukin-1beta release through a dye uptake-independent pathway. 
J. Biol. Chem. 282, 2386–2394.

Peng, S., Chen, B., Li, Z., Sun, J., Liu, F., Yin, X., Zhou, Y., Shen, H., Xiang, H., 2024. 
Ambient ozone pollution impairs glucose homeostasis and contributes to renal 
function decline: Population-based evidence. Ecotoxicol. Environ. Saf. 269, 115803.

Peri, F., Piazza, M., 2012. Therapeutic targeting of innate immunity with Toll-like 
receptor 4 (TLR4) antagonists. Biotechnol. Adv. 30, 251–260.

Pichavant, M., Goya, S., Meyer, E.H., Johnston, R.A., Kim, H.Y., Matangkasombut, P., 
Zhu, M., Iwakura, Y., Savage, P.B., DeKruyff, R.H., Shore, S.A., Umetsu, D.T., 2008. 
Ozone exposure in a mouse model induces airway hyperreactivity that requires the 
presence of natural killer T cells and IL-17. J. Exp. Med. 205, 385–393.

Pinart, M., Zhang, M., Li, F., Hussain, F., Zhu, J., Wiegman, C., Ryffel, B., Chung, K.F., 
2013. IL-17A modulates oxidant stress-induced airway hyperresponsiveness but not 
emphysema. PLoS One 8, e58452.

Prud’homme, G.J., 2007. Pathobiology of transforming growth factor beta in cancer, 
fibrosis and immunologic disease, and therapeutic considerations. Lab. Invest. 87, 
1077–1091.

Pryor, W.A., 1994. Mechanisms of radical formation from reactions of ozone with target 
molecules in the lung. Free Radic. Biol. Med. 17, 451–465.

Rabolli, V., Badissi, A.A., Devosse, R., Uwambayinema, F., Yakoub, Y., Palmai-Pallag, M., 
Lebrun, A., De Gussem, V., Couillin, I., Ryffel, B., Marbaix, E., Lison, D., Huaux, F., 
2014. The alarmin IL-1alpha is a master cytokine in acute lung inflammation 
induced by silica micro- and nanoparticles. Part. Fibre Toxicol. 11, 69.

Reinhart, P.G., Gupta, S.K., Bhalla, D.K., 1999. Attenuation of ozone-induced lung injury 
by interleukin-10. Toxicol. Lett. 110, 35–42.

Reisetter, A.C., Stebounova, L.V., Baltrusaitis, J., Powers, L., Gupta, A., Grassian, V.H., 
Monick, M.M., 2011. Induction of inflammasome-dependent pyroptosis by carbon 
black nanoparticles. J. Biol. Chem. 286, 21844–21852.

Riaz, F., Pan, F., Wei, P., 2022. Aryl hydrocarbon receptor: The master regulator of 
immune responses in allergic diseases. Front. Immunol. 13, 1057555.

Riteau, N., Baron, L., Villeret, B., Guillou, N., Savigny, F., Ryffel, B., Rassendren, F., Le 
Bert, M., Gombault, A., Couillin, I., 2012. ATP release and purinergic signaling: a 
common pathway for particle-mediated inflammasome activation. Cell Death Dis. 3, 
e403.

Riteau, N., Gasse, P., Fauconnier, L., Gombault, A., Couegnat, M., Fick, L., 
Kanellopoulos, J., Quesniaux, V.F., Marchand-Adam, S., Crestani, B., Ryffel, B., 
Couillin, I., 2010. Extracellular ATP is a danger signal activating P2X7 receptor in 
lung inflammation and fibrosis. Am. J. Respir. Crit. Care Med. 182, 774–783.

Rocks, N., Vanwinge, C., Radermecker, C., Blacher, S., Gilles, C., Maree, R., Gillard, A., 
Evrard, B., Pequeux, C., Marichal, T., Noel, A., Cataldo, D., 2019. Ozone-primed 
neutrophils promote early steps of tumour cell metastasis to lungs by enhancing their 
NET production. Thorax 74, 768–779.

Ross, B.A., Doiron, D., Benedetti, A., Aaron, S.D., Chapman, K., Hernandez, P., Maltais, 
F., Marciniuk, D., O’Donnell, D.E., Sin, D.D., Walker, B.L., Tan, W., Bourbeau, J., 
Can, C.C.R.G., the Canadian Respiratory Research, N. Short-term air pollution 
exposure and exacerbation events in mild to moderate COPD: a case-crossover study 
within the CanCOLD cohort. Thorax 2023;78:974-982.

Russo, R.C., Garcia, C.C., Teixeira, M.M., 2010. Anti-inflammatory drug development: 
Broad or specific chemokine receptor antagonists? Curr. Opin. Drug Discov. Devel. 
13, 414–427.

Russo, R.C., Garcia, C.C., Teixeira, M.M., Amaral, F.A., 2014. The CXCL8/IL-8 chemokine 
family and its receptors in inflammatory diseases. Expert Rev. Clin. Immunol. 10, 
593–619.

Russo, R.C., Quesniaux, V.F.J., Ryffel, B., 2023. Homeostatic chemokines as putative 
therapeutic targets in idiopathic pulmonary fibrosis. Trends Immunol. 44, 
1014–1030.

Sack, C., Wojdyla, D.M., MacMurdo, M.G., Gassett, A., Kaufman, J.D., Raghu, G., 
Redlich, C.A., Li, P., Olson, A.L., Leonard, T.B., Todd, J.L., Neely, M.L., Snyder, L.D., 
Gulati, M., 2024. Long-term air pollution exposure and severity of idiopathic 
pulmonary fibrosis: data from the IPF-PRO registry. Ann. Am. Thorac. Soc.

Scaturro, P., Pichlmair, A., 2018. Oxeiptosis-a cell death pathway to mitigate damage 
caused by radicals. Cell Death Differ. 25, 1191–1193.

Shore, S.A., Williams, E.S., Chen, L., Benedito, L.A., Kasahara, D.I., Zhu, M., 2011. Impact 
of aging on pulmonary responses to acute ozone exposure in mice: role of TNFR1. 
Inhal. Toxicol. 23, 878–888.

Sicard, P., Serra, R., Rossello, P., 2016. Spatiotemporal trends in ground-level ozone 
concentrations and metrics in France over the time period 1999-2012. Environ. Res. 
149, 122–144.

Sikkema, L., Ramirez-Suastegui, C., Strobl, D.C., Gillett, T.E., Zappia, L., Madissoon, E., 
Markov, N.S., Zaragosi, L.E., Ji, Y., Ansari, M., Arguel, M.J., Apperloo, L., Banchero, 
M., Becavin, C., Berg, M., Chichelnitskiy, E., Chung, M.I., Collin, A., Gay, A.C.A., 
Gote-Schniering, J., Hooshiar Kashani, B., Inecik, K., Jain, M., Kapellos, T.S., Kole, T. 
M., Leroy, S., Mayr, C.H., Oliver, A.J., von Papen, M., Peter, L., Taylor, C.J., 
Walzthoeni, T., Xu, C., Bui, L.T., De Donno, C., Dony, L., Faiz, A., Guo, M., Gutierrez, 
A.J., Heumos, L., Huang, N., Ibarra, I.L., Jackson, N.D., Kadur Lakshminarasimha 
Murthy, P., Lotfollahi, M., Tabib, T., Talavera-Lopez, C., Travaglini, K.J., Wilbrey- 
Clark, A., Worlock, K.B., Yoshida, M., Lung Biological Network, C., van den Berge, 
M., Bosse, Y., Desai, T.J., Eickelberg, O., Kaminski, N., Krasnow, M.A., Lafyatis, R., 
Nikolic, M.Z., Powell, J.E., Rajagopal, J., Rojas, M., Rozenblatt-Rosen, O., Seibold, 
M.A., Sheppard, D., Shepherd, D.P., Sin, D.D., Timens, W., Tsankov, A.M., Whitsett, 
J., Xu, Y., Banovich, N.E., Barbry, P., Duong, T.E., Falk, C.S., Meyer, K.B., Kropski, J. 
A., Pe’er, D., Schiller, H.B., Tata, P.R., Schultze, J.L., Teichmann, S.A., Misharin, A. 
V., Nawijn, M.C., Luecken, M.D., Theis, F.J. An integrated cell atlas of the lung in 
health and disease. Nat Med 2023;29:1563-1577.

Singh, S.A., Suresh, S., Singh, A., Chandran, L., Vellapandian, C., 2022a. Perspectives of 
ozone induced neuropathology and memory decline in Alzheimer’s disease: A 
systematic review of preclinical evidences. Environ. Pollut. 313, 120136.

Singh, S.S., Chauhan, S.B., Kumar, A., Kumar, S., Engwerda, C.R., Sundar, S., Kumar, R., 
2022b. Amphiregulin in cellular physiology, health, and disease: Potential use as a 
biomarker and therapeutic target. J. Cell. Physiol. 237, 1143–1156.

Sokolowska, M., Quesniaux, V.F.J., Akdis, C.A., Chung, K.F., Ryffel, B., Togbe, D., 2019. 
Acute respiratory barrier disruption by ozone exposure in mice. Front. Immunol. 10, 
2169.

Stienstra, R., van Diepen, J.A., Tack, C.J., Zaki, M.H., van de Veerdonk, F.L., Perera, D., 
Neale, G.A., Hooiveld, G.J., Hijmans, A., Vroegrijk, I., van den Berg, S., Romijn, J., 
Rensen, P.C., Joosten, L.A., Netea, M.G., Kanneganti, T.D., 2011. Inflammasome is a 
central player in the induction of obesity and insulin resistance. PNAS 108, 
15324–15329.

Strowig, T., Henao-Mejia, J., Elinav, E., Flavell, R., 2012. Inflammasomes in health and 
disease. Nature 481, 278–286.

Su, J.G., Vuong, V., Shahriary, E., Aslebagh, S., Yakutis, E., Sage, E., Haile, R., Balmes, J., 
Barrett, M., 2024. Health effects of air pollution on respiratory symptoms: A 
longitudinal study using digital health sensors. Environ. Int. 189, 108810.

Sun, F., Gong, X., Wei, L., Zhang, Y., Ge, M., Xiong, L., 2024. Assessing the impact of 
short-term ozone exposure on excess deaths from cardiovascular disease: a multi- 
pollutant model in Nanjing, China’s Yangtze River Delta. Front. Public Health 12, 
1353384.

Takahashi, K., Hirose, K., Kawashima, S., Niwa, Y., Wakashin, H., Iwata, A., 
Tokoyoda, K., Renauld, J.C., Iwamoto, I., Nakayama, T., Nakajima, H., 2011. IL-22 
attenuates IL-25 production by lung epithelial cells and inhibits antigen-induced 
eosinophilic airway inflammation. J. Allergy Clin. Immunol. 128 (1067–1076), 
e1061–e1066.

Tashkin, D.P., Bateman, E.D., Jones, P., Zubek, V.B., Metzdorf, N., Liu, D., Leonard, T., 
Clerisme-Beaty, E., Wise, R.A., 2016. Consistent improvement in health-related 
quality of life with tiotropium in patients with chronic obstructive pulmonary 
disease: Novel and conventional responder analyses. Respir. Med. 120, 91–100.

Tian, L., Li, N., Li, K., Tan, Y., Han, J., Lin, B., Lai, W., Liu, H., Shi, Y., Xi, Z., Liu, X., 2022. 
Ambient ozone exposure induces ROS related-mitophagy and pyroptosis via NLRP3 
inflammasome activation in rat lung cells. Ecotoxicol. Environ. Saf. 240, 113663.

Tian, L., Yan, J., Li, K., Zhang, W., Lin, B., Lai, W., Bian, L., Liu, H., Xi, Z., Liu, X., 2021. 
Ozone exposure promotes pyroptosis in rat lungs via the TLR2/4-NF-kappaB-NLRP3 
signaling pathway. Toxicology 450, 152668.

Tian, Y., Xu, P., Wu, X., Gong, Z., Yang, X., Zhu, H., Zhang, J., Hu, Y., Li, G., Sang, N., 
Yue, H., 2024. Lung injuries induced by ozone exposure in female mice: Potential 
roles of the gut and lung microbes. Environ. Int. 183, 108422.

Triantaphyllopoulos, K., Hussain, F., Pinart, M., Zhang, M., Li, F., Adcock, I., Kirkham, P., 
Zhu, J., Chung, K.F., 2011. A model of chronic inflammation and pulmonary 
emphysema after multiple ozone exposures in mice. Am. J. Physiol. Lung Cell. Mol. 
Physiol. 300, L691–L700.

Unno, H., Futamura, K., Morita, H., Kojima, R., Arae, K., Nakae, S., Ida, H., Saito, H., 
Matsumoto, K., Matsuda, A., 2014. Silica and double-stranded RNA synergistically 
induce bronchial epithelial apoptosis and airway inflammation. Am. J. Respir. Cell 
Mol. Biol. 51, 344–353.

Vandanmagsar, B., Youm, Y.H., Ravussin, A., Galgani, J.E., Stadler, K., Mynatt, R.L., 
Ravussin, E., Stephens, J.M., Dixit, V.D., 2011. The NLRP3 inflammasome instigates 
obesity-induced inflammation and insulin resistance. Nat. Med. 17, 179–188.

Vasu, V.T., Oommen, S., Lim, Y., Valacchi, G., Hobson, B., Eirserich, J.P., Leonard, S.W., 
Traber, M.G., Cross, C.E., Gohil, K., 2010. Modulation of ozone-sensitive genes in 
alpha-tocopherol transfer protein null mice. Inhal. Toxicol. 22, 1–16.

Vicedo-Cabrera, A.M., Sera, F., Liu, C., Armstrong, B., Milojevic, A., Guo, Y., Tong, S., 
Lavigne, E., Kysely, J., Urban, A., Orru, H., Indermitte, E., Pascal, M., Huber, V., 
Schneider, A., Katsouyanni, K., Samoli, E., Stafoggia, M., Scortichini, M., 
Hashizume, M., Honda, Y., Ng, C.F.S., Hurtado-Diaz, M., Cruz, J., Silva, S., 
Madureira, J., Scovronick, N., Garland, R.M., Kim, H., Tobias, A., Iniguez, C., 
Forsberg, B., Astrom, C., Ragettli, M.S., Roosli, M., Guo, Y.L., Chen, B.Y., 
Zanobetti, A., Schwartz, J., Bell, M.L., Kan, H., Gasparrini, A., 2020. Short term 
association between ozone and mortality: global two stage time series study in 406 
locations in 20 countries. BMJ 368, m108.

Wagner, J.G., Barkauskas, C.E., Vose, A., Lewandowski, R.P., Harkema, J.R., Tighe, R.M., 
2020. Repetitive ozone exposures and evaluation of pulmonary inflammation and 
remodeling in diabetic mouse strains. Environ. Health Perspect. 128, 117009.

Wang, M., Sampson, P.D., Sheppard, L.E., Stein, J.H., Vedal, S., Kaufman, J.D., 2019. 
Long-term exposure to ambient ozone and progression of subclinical arterial disease: 
the multi-ethnic study of atherosclerosis and air pollution. Environ. Health Perspect. 
127, 57001.

Wen, H., Ting, J.P., O’Neill, L.A., 2012. A role for the NLRP3 inflammasome in metabolic 
diseases–did Warburg miss inflammation? Nat. Immunol. 13, 352–357.

Wiegman, C.H., Li, F., Clarke, C.J., Jazrawi, E., Kirkham, P., Barnes, P.J., Adcock, I.M., 
Chung, K.F., 2014. A comprehensive analysis of oxidative stress in the ozone- 
induced lung inflammation mouse model. Clin. Sci. (Lond.) 126, 425–440.

Wiegman, C.H., Li, F., Ryffel, B., Togbe, D., Chung, K.F., 2020. Oxidative stress in ozone- 
induced chronic lung inflammation and emphysema: a facet of chronic obstructive 
pulmonary disease. Front. Immunol. 11, 1957.

Williams, A.S., Leung, S.Y., Nath, P., Khorasani, N.M., Bhavsar, P., Issa, R., Mitchell, J.A., 
Adcock, I.M., Chung, K.F., 1985. Role of TLR2, TLR4, and MyD88 in murine ozone- 
induced airway hyperresponsiveness and neutrophilia. J. Appl. Physiol. 2007 (103), 
1189–1195.

Williams, A.S., Mathews, J.A., Kasahara, D.I., Chen, L., Wurmbrand, A.P., Si, H., Shore, S. 
A., 2013. Augmented pulmonary responses to acute ozone exposure in obese mice: 
roles of TNFR2 and IL-13. Environ. Health Perspect. 121, 551–557.

R.C. Russo et al.                                                                                                                                                                                                                                Environment International 198 (2025) 109391 

16 

http://refhub.elsevier.com/S0160-4120(25)00142-4/h0665
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0665
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0665
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0670
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0670
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0670
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0675
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0675
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0680
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0680
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0680
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0680
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0685
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0685
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0685
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0690
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0690
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0690
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0695
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0695
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0700
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0700
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0700
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0700
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0705
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0705
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0710
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0710
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0710
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0715
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0715
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0720
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0720
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0720
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0720
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0725
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0725
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0725
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0725
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0730
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0730
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0730
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0730
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0740
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0740
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0740
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0745
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0745
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0745
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0750
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0750
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0750
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0755
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0755
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0755
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0755
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0760
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0760
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0765
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0765
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0765
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0770
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0770
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0770
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0780
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0780
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0780
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0785
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0785
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0785
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0790
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0790
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0790
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0795
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0795
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0795
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0795
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0795
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0800
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0800
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0805
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0805
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0805
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0810
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0810
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0810
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0810
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0815
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0815
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0815
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0815
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0815
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0820
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0820
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0820
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0820
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0825
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0825
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0825
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0830
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0830
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0830
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0835
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0835
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0835
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0840
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0840
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0840
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0840
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0845
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0845
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0845
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0845
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0850
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0850
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0850
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0855
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0855
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0855
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0860
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0865
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0865
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0865
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0870
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0870
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0870
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0870
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0875
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0875
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0880
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0880
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0880
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0885
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0885
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0885
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0890
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0890
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0890
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0890
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0895
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0895
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0895


Williams, A.S., Mathews, J.A., Kasahara, D.I., Wurmbrand, A.P., Chen, L., Shore, S.A., 
2015. Innate and ozone-induced airway hyperresponsiveness in obese mice: role of 
TNF-alpha. Am. J. Physiol. Lung Cell. Mol. Physiol. 308, L1168–L1177.

Williams, A.S., Nath, P., Leung, S.Y., Khorasani, N., McKenzie, A.N., Adcock, I.M., 
Chung, K.F., 2008. Modulation of ozone-induced airway hyperresponsiveness and 
inflammation by interleukin-13. Eur. Respir. J. 32, 571–578.

Wollin, L., Pieper, M.P., 2010. Tiotropium bromide exerts anti-inflammatory activity in a 
cigarette smoke mouse model of COPD. Pulm. Pharmacol. Ther. 23, 345–354.

Xing, Z., Yang, T., Shi, S., Meng, X., Chai, D., Liu, W., Tong, Y., Wang, Y., Ma, Y., Pan, M., 
Cui, J., Long, H., Sun, T., Chen, R., Guo, Y., 2023. Combined effect of ozone and 
household air pollution on COPD in people aged less than 50 years old. Thorax 79, 
35–42.

Yadav, R., Momin, A., Godugu, C., 2023. DNase based therapeutic approaches for the 
treatment of NETosis related inflammatory diseases. Int. Immunopharmacol. 124, 
110846.

Yamada, M., Ichinose, M., 2018. The cholinergic anti-inflammatory pathway: an 
innovative treatment strategy for respiratory diseases and their comorbidities. Curr. 
Opin. Pharmacol. 40, 18–25.

Yang, H., Wang, Z., Zhou, Y., Gao, Z., Xu, J., Xiao, S., Dai, C., Wu, F., Deng, Z., Peng, J., 
Ran, P., 2024. Association between long-term ozone exposure and readmission for 
chronic obstructive pulmonary disease exacerbation. Environ. Pollut. 348, 123811.

Yang, Q., Ge, M.Q., Kokalari, B., Redai, I.G., Wang, X., Kemeny, D.M., Bhandoola, A., 
Haczku, A., 2016. Group 2 innate lymphoid cells mediate ozone-induced airway 
inflammation and hyperresponsiveness in mice. J. Allergy Clin. Immunol. 137, 
571–578.

Yazdi, A.S., Guarda, G., Riteau, N., Drexler, S.K., Tardivel, A., Couillin, I., Tschopp, J., 
2010. Nanoparticles activate the NLR pyrin domain containing 3 (Nlrp3) 
inflammasome and cause pulmonary inflammation through release of IL-1alpha and 
IL-1beta. PNAS 107, 19449–19454.

Yu, M., Zheng, X., Witschi, H., Pinkerton, K.E., 2002. The role of interleukin-6 in 
pulmonary inflammation and injury induced by exposure to environmental air 
pollutants. Toxicol. Sci. 68, 488–497.

Zaiss, D.M.W., Gause, W.C., Osborne, L.C., Artis, D., 2015. Emerging functions of 
amphiregulin in orchestrating immunity, inflammation, and tissue repair. Immunity 
42, 216–226.

Zamora, Z.B., Borrego, A., Lopez, O.Y., Delgado, R., Gonzalez, R., Menendez, S., 
Hernandez, F., Schulz, S., 2005. Effects of ozone oxidative preconditioning on TNF- 
alpha release and antioxidant-prooxidant intracellular balance in mice during 
endotoxic shock. Mediators Inflamm. 2005, 16–22.

Zhang, M., Fei, X., Zhang, G.Q., Zhang, P.Y., Li, F., Bao, W.P., Zhang, Y.Y., Zhou, X., 
2016. Role of neutralizing anti-murine interleukin-17A monoclonal antibody on 
chronic ozone-induced airway inflammation in mice. Biomed. Pharmacother. 83, 
247–256.

Zhang, Y., Liang, X., Bao, X., Xiao, W., Chen, G., 2022. Toll-like receptor 4 (TLR4) 
inhibitors: Current research and prospective. Eur. J. Med. Chem. 235, 114291.

Zhao, Q., Simpson, L.G., Driscoll, K.E., Leikauf, G.D., 1998. Chemokine regulation of 
ozone-induced neutrophil and monocyte inflammation. Am. J. Phys. Anthropol. 274, 
L39–L46.

Zhong, J., Allen, K., Rao, X., Ying, Z., Braunstein, Z., Kankanala, S.R., Xia, C., Wang, X., 
Bramble, L.A., Wagner, J.G., Lewandowski, R., Sun, Q., Harkema, J.R., 
Rajagopalan, S., 2016. Repeated ozone exposure exacerbates insulin resistance and 
activates innate immune response in genetically susceptible mice. Inhal. Toxicol. 28, 
383–392.

Zhu, L., Fang, J., Yao, Y., Yang, Z., Wu, J., Ma, Z., Liu, R., Zhan, Y., Ding, Z., Zhang, Y., 
2024. Long-term ambient ozone exposure and incident cardiovascular diseases: 
National cohort evidence in China. J. Hazard. Mater. 471, 134158.

R.C. Russo et al.                                                                                                                                                                                                                                Environment International 198 (2025) 109391 

17 

http://refhub.elsevier.com/S0160-4120(25)00142-4/h0900
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0900
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0900
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0905
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0905
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0905
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0910
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0910
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0915
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0915
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0915
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0915
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0920
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0920
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0920
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0925
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0925
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0925
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0930
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0930
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0930
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0935
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0935
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0935
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0935
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0940
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0940
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0940
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0940
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0945
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0945
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0945
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0950
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0950
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0950
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0955
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0955
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0955
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0955
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0960
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0960
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0960
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0960
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0965
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0965
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0970
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0970
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0970
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0975
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0975
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0975
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0975
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0975
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0980
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0980
http://refhub.elsevier.com/S0160-4120(25)00142-4/h0980

	Ozone-induced lung injury and inflammation: Pathways and therapeutic targets for pulmonary diseases caused by air pollutants
	1 Background
	2 O3 exposure induces respiratory and systemic toxic effects
	2.1 ROS as a major driver of O3-induced cell death by oxeiptosis
	2.2 Exacerbation of airway diseases by O3 exposure
	2.3 Co-exposure of O3 with other air pollutants
	2.4 Chronic obstructive pulmonary disease with inflammation, emphysema, and fibrosis

	3 O3 exposure triggers innate immunity pathways
	3.1 Role of inflammatory mediators induced by O3 exposure
	3.2 Role of innate lung leukocytes in response to O3 exposure

	4 Therapeutic targets for pharmacological interventions
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Ethics approval:
	Consent to participate:
	Availability of data and material:
	Data availability
	References


