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Abstract

Air pollution represents a critical yet modifiable factor influencing the recurrence and pro-
gression of upper-airway infections. This review explores the molecular, immunological,
and environmental mechanisms linking airborne pollutants to recurrent sinus and respira-
tory tract inflammation. Particular focus is placed on pollutant-induced oxidative stress,
epithelial barrier disruption, alterations in the microbiome, and immune dysregulation,
which collectively heighten disease susceptibility. Integrating recent advances in expo-
somics, multi-omics, and artificial intelligence, the discussion highlights new approaches to
unravel exposure–response pathways and identify predictive biomarkers. Future directions
emphasize precision exposure assessment, interventional strategies to improve air quality,
and the emerging framework of “clean-air medicine” to guide prevention and policy. Over-
all, this synthesis underscores the urgent need for multidisciplinary collaboration across
environmental science, molecular biology, and clinical research to mitigate the growing
burden of pollution-related airway disease and promote sustainable respiratory health.

Keywords: air pollution; upper-airway infections; oxidative stress; immune dysregulation;
epithelial barrier; exposomics; microbiome; precision medicine; clean-air medicine

1. Introduction
Air pollution is one of the most significant environmental determinants of global

disease burden. Recent estimates suggest that more than seven million premature deaths
each year are associated with long-term exposure to polluted air [1]. The respiratory
tract, particularly the upper airways, is highly susceptible because it serves as the main
point of contact between inhaled pollutants and host tissues [2]. Increasing epidemiologi-
cal and experimental evidence indicates that recurrent upper-airway infections (UARIs),
such as rhinitis, sinusitis, and pharyngitis, can result directly or indirectly from chronic
exposure to airborne contaminants [3,4]. These infections, once considered short-term
inflammatory responses to irritants, are now understood to involve complex interactions
between the immune system and resident microbiota, leading to a gradual transition from
acute inflammation to chronic or recurrent disease states [5]. Understanding how environ-
mental pollutants alter mucosal immunity and microbial balance is therefore essential for
developing preventive and therapeutic measures to reduce the burden of pollution-related
respiratory illnesses.
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Importantly, air pollution-induced inflammation is not limited to the nasal mucosa
or upper respiratory tract. Pollutant-driven oxidative stress and immune dysregulation
can propagate systemically through the release of reactive oxygen species (ROS), pro-
inflammatory cytokines, and circulating inflammatory mediators, leading to endothe-
lial dysfunction and systemic inflammation that affect multiple organs, including the
lungs, cardiovascular system, gastrointestinal tract, and central nervous system [6,7].
These interconnected pathways contribute to the development of chronic comorbidi-
ties such as cardiovascular disease, metabolic syndrome, and neuro-inflammation, as
illustrated in Figure 1.

Figure 1. Systemic health effects of air pollution across human organ systems. Chronic exposure to
airborne pollutants contributes to recurrent upper-airway infections and triggers systemic inflam-
matory and oxidative stress responses that extend beyond the respiratory tract. These processes are
associated with a wide spectrum of comorbid conditions affecting multiple organs, including neuro-
logical disorders (neuro-inflammation and cognitive decline), pulmonary diseases (asthma, COPD,
and respiratory infections), cardiovascular disorders (ischemic heart disease and stroke), metabolic
diseases (insulin resistance and type 2 diabetes), gastrointestinal disturbances (inflammatory bowel
disease and gut microbiome dysbiosis), autoimmune conditions, reproductive dysfunction, and
ear-related diseases such as recurrent otitis media. The diagram illustrates the interconnected organ
systems involved in pollution-related systemic pathology.

Global industrial expansion, rapid urban growth, and continued reliance on both
biomass and fossil fuels have intensified outdoor and indoor air pollution [8]. Outdoor
atmospheric pollutants primarily consist of particulate matter (PM2.5 and PM10), nitrogen
oxides (NOx), sulfur dioxide (SO2), ozone (O3), and volatile organic compounds (VOCs) [9].
In contrast, indoor air commonly contains emissions generated from domestic fuel com-
bustion, cleaning products, tobacco smoke, and biological aerosols. Recent studies have
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identified novel airborne contaminants, including microplastics and engineered nanopar-
ticles, embedded within nasal mucosal tissues, indicating their possible involvement in
chronic epithelial irritation and local immune dysregulation [10,11]. In many low- and
middle-income regions, populations face combined exposure to traffic-related pollutants
and biomass-derived particulates, creating a compounded risk that disproportionately
affects children, the elderly, and individuals with underlying respiratory disorders [12].

The nasal cavity functions as the primary anatomical and immunological barrier
against inhaled environmental agents. Its defense network comprises coordinated mech-
anisms, such as mucociliary clearance, epithelial tight junctions, and pattern recognition
receptors, that detect and respond to microbial or chemical stimuli [13]. Together, these
elements help maintain the nasal exposome, which represents total lifetime exposure to
environmental chemicals, biological particles, and physical stressors [14]. Continuous
exposure to fine particulate matter (PM2.5) and various gaseous pollutants compromises ep-
ithelial cohesion, reduces ciliary activity, and promotes oxidative stress, creating favorable
conditions for microbial adhesion and subsequent invasion [15,16]. Disruption of the nasal
microbiota under pollutant stress, characterized by reduced bacterial diversity and shifts in
community composition with increased relative abundance of taxa such as Moraxella, has
been observed, potentially altering mucosal homeostasis and predisposing to inflammation
and infection susceptibility [17]. Findings from recent multi-omics investigations, includ-
ing transcriptomic and metabolomic analyses, indicate pollutant-specific modifications in
epithelial signaling cascades that involve NF-κB activation, cytokine secretion, and lipid
peroxidation processes [18].

Accurately quantifying pollutant exposure remains a central challenge in establishing a
causal relationship between air pollution and recurrent upper-airway infections (referring to
acute infectious conditions affecting the nasal cavity, sinuses, and pharynx). Conventional
indicators such as particulate matter concentration, the Air Quality Index (AQI), and
chemical composition analyses of pollutants provide valuable population-level insights but
often overlook the heterogeneity of individual exposure patterns [19]. Recent developments
in mobile sensing technologies, satellite-based spatial mapping, and portable air-monitoring
devices have enhanced exposure assessment, enabling near real-time estimation of the
inhaled pollutant burden [20]. Artificial intelligence applications are increasingly being
employed to merge meteorological, traffic, and clinical datasets, facilitating the prediction
of rhinitis and sinusitis exacerbations in relation to pollution peaks [21]. Findings from
dose–response investigations indicate a nonlinear association in which sustained low-level
exposure induces chronic inflammatory sensitization, thereby heightening vulnerability
to microbial infections even when pollutant concentrations remain below established
regulatory limits [22].

Epidemiological research consistently highlights the public health significance of the
association between air pollution and upper-airway infections. Multiple cohort studies and
meta-analyses have demonstrated that elevated concentrations of PM2.5 and NO2 are asso-
ciated with a higher prevalence of sinusitis, allergic rhinitis, and pharyngitis across different
populations [23,24]. Seasonal and geographic factors strongly influence these outcomes,
as colder months and temperature inversion events often lead to pollutant accumulation
in the lower atmosphere, coinciding with spikes in respiratory infection rates [25]. Indi-
vidual susceptibility to pollutant exposure is further shaped by socio-demographic factors
such as age, sex, genetic background, and socio-economic conditions [26]. Children are
particularly at risk due to higher breathing rates relative to body mass and the incom-
plete maturation of their immune defenses. In contrast, adults exposed for long periods
may experience airway remodeling, epithelial thickening, and mucosal fibrosis, which can
contribute to persistent inflammation and antibiotic-resistant infections [27,28].
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Although epidemiological data clearly establish the connection between air pollution
and upper-airway infections, the mechanistic basis underlying pollutant-mediated modula-
tion of host–pathogen interactions remains only partially understood. Airborne particulate
matter can act as a physical vector for microorganisms, supporting bioaerosol stability and
potentially enhancing microbial adhesion and virulence within the respiratory mucosa [29].
At the cellular level, pollutant exposure alters innate immune equilibrium by suppressing
macrophage phagocytic activity, disrupting epithelial signaling, and attenuating interferon-
mediated antiviral responses [30]. On a systemic scale, pollutant-triggered cytokine release
contributes to neuroimmune communication and chronic low-grade inflammation, which
may explain the observed association between recurrent upper-airway infections and
metabolic or cardiovascular disorders [31,32]. Integrative research bridging environmental
toxicology, microbiology, and immunology is therefore crucial for elucidating the molecular
mechanisms linking chronic pollutant exposure to airway infection pathophysiology.

This review aims to elucidate how air pollution drives recurrent upper-airway infec-
tions through epithelial damage, immune dysregulation, and microbial imbalance, while
emphasizing the need for integrated environmental and clinical approaches to prevent
pollution-related respiratory and systemic disorders. An overview of the conceptual frame-
work discussed in this review is provided in the Graphical Abstract (Figure 2).

Figure 2. Conceptual framework linking air pollution exposure to recurrent upper-airway infections
and systemic effects. Inhaled pollutants (PM2.5, NO2, O3, VOCs) impair epithelial barrier integrity
and mucociliary function, promoting oxidative stress, immune dysregulation, and microbiome
imbalance. These mechanisms increase susceptibility to rhinitis, sinusitis, pharyngitis, and recurrent
infections, while also driving systemic inflammatory and oxidative responses affecting multiple
organ systems. Exposomics, multi-omics, and AI approaches support biomarker discovery and
prediction, with interventions including emission control, filtration, masks, and targeted therapies.
Arrows (→) indicate directional progression of processes from exposure to biological effects and
disease outcomes, while upward (↑) and downward (↓) symbols represent increased and decreased
biological responses, respectively.

This narrative review is based on a targeted literature search of major scientific
databases, including PubMed, Scopus, and Web of Science, focusing on studies published
primarily over the past two decades. Key search terms included combinations of “air pollu-
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tion”, “particulate matter”, “upper airway infections”, “rhinitis”, “sinusitis”, “oxidative
stress”, “immune dysregulation”, “epithelial barrier”, “microbiome”, “exposomics”, “preci-
sion medicine”, and “clean-air medicine”. Relevant articles were selected based on their
contribution to understanding the mechanistic, clinical, and epidemiological links between
air pollution and upper-airway disease. Priority was given to recent and high-impact stud-
ies. This approach was intended to provide a comprehensive yet non-systematic synthesis
of current knowledge in the field.

2. Molecular and Cellular Patho-Mechanisms of the Air Pollution and
Immune System Interaction

Airborne pollutants affect the nasal and upper-airway mucosa through various molec-
ular insults that disrupt barrier function, alter innate and adaptive immunity, and remodel
the resident microbiota [33,34]. These changes create an environment permissive of re-
peated viral and bacterial colonization and chronic inflammation. The molecular effects
can be grouped mechanistically into overlapping domains: oxidative injury and genotoxic
stress; epithelial barrier disruption and mucociliary dysfunction; innate and adaptive
immune regulation; and microbiome perturbation with pollutant–pathogen synergy [35].

Oxidative stress and genotoxic injury: Fine and ultrafine particulate matter (PM2.5 and
nanoparticles) and reactive gaseous oxidants (ozone, NO2) can generate reactive oxygen
and nitrogen species (ROS/RNS) either directly at the epithelial surface, or indirectly
by activating resident leukocytes [36]; because of excess ROS, local antioxidant defenses
(glutathione, superoxide dismutase’s) are overwhelmed which leads to lipid peroxidation,
protein carbonylation, oxidative base modifications and single-strand DNA breaks [37].
Redox-sensitive transcription programs (e.g., NF-Kb, AP-1) that prolong pro-inflammatory
cytokine production are activated by oxidative stress. On the other hand, oxidative stress
disrupts Nrf2 signaling, thereby impairing the adaptive antioxidant response [38]. These
together produce a feed-forward loop of perpetual mucosal inflammation and impaired re-
pair. Chronic genotoxic stress additionally advances epithelial cell senescence and atypical
repair phenotypes that bias toward remodeling (consistent with goblet cell metaplasia) and
a reduced capacity for pathogen clearance [39–41].

Epithelial barrier dysfunction and mucociliary impairment: The nasal epithelium is the
principal physical barrier and a coordinated mucociliary escalator [42]. Pollutants dis-
turb intercellular tight junction complexes (claudins, occludin, ZO-1), thereby increasing
paracellular permeability and facilitating the release of pro-inflammatory mediators from
the epithelium [43]. Concurrently, exposure to pollutants reduces ciliary beat frequency,
which can induce ciliary structural injury or ciliated cell loss [44,45]. Chronic exposure to
pollutants often induces goblet cell hyperplasia/metaplasia, accompanied by excessive
mucin (MUC5AC/MUC5B) production [46,47]. Overall, this leads to the accumulation of
hyperviscous mucus, which impedes clearance by retaining pathogens in contact with the
mucosa and favoring biofilm formation [48].

Innate immune dysregulation and cytokine imbalance: Air pollutants phenotypically and
functionally alter tissue macrophages, dendritic cells (DCs), and airway epithelial sentinel
cells [49]. Upon exposure to particulate matter, alveolar and mucosal macrophages exhibit
impaired phagocytosis and microbicidal activity, accompanied by decreased secretion of
pro-inflammatory cytokines, leading to ineffective pathogen clearance and collateral tissue
damage [50,51]. Pollutant components can activate the NLRP3 inflammasome and amplify
IL-1 family signaling in epithelial and plasmacytoid DC populations, while simultaneously
suppressing antiviral interferon responses, thereby reducing early viral containment and
permitting enhanced viral replication [52–55]. Focusing on antigen presentation, DCs
exposed to pollutants may display altered costimulatory molecule expression and cytokine
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profiles that predispose T-cell differentiation toward Th2 and Th17 pathways. These im-
mune polarities foster allergic inflammation and neutrophilic mucosal injury, respectively,
and they are both associated with recurrent and prolonged infection [56].

Adaptive immunity and trained/epigenetic effects: Epigenetic and metabolic changes that
can persist beyond the exposure window are imprinted on mucosal immune cells through
chronic pollutant exposure. DNA methylation and histone modifications in cytokine and
receptor genes modulate responsiveness to subsequent infectious or allergenic stimuli. At
the same time, metabolic rewiring in myeloid cells can maintain a trained innate immunity
or maladaptive tolerance states that alter host–pathogen dynamics [57,58]. These lasting
changes could explain why, during intermittent pollution peaks, prolonged effects on
infection susceptibility can be observed [57,59].

Microbiome alterations and dysbiosis: The nasal microbiome is a key component in coloniza-
tion resistance [60]. Through pollutant exposure, there is a reduction in microbial diversity
and selection for taxa capable of surviving oxidative and chemical stressors (often oppor-
tunistic pathogens such as non-typable Haemophilus and Streptococcus spp.) [61]. Microbiome
dysbiosis is a promotor of biofilm formation, disruptor of quorum sensing balances, and
suppressor of beneficial microbe–host immunomodulatory interactions (e.g., short-chain fatty
acid signaling) [62–64]. Biofilms existing within mucus niches are able to tolerate better host
defenses and antimicrobials, facilitating chronicity and recurrence [65–67].

Pollutant–pathogen synergy: Pollutant exposure enhances pathogen adhesion, entry
and persistence through several mechanisms. Pollutants can increase host cell surface
receptors and adhesion molecules utilized by pathogens (e.g., ICAM family members
for rhinoviruses) [68–70], upregulate epithelial apoptosis, exposing basolateral adhesion
sites [34,71,72], and damage interferon-mediated antiviral cascades [73]. As a vector,
particulate matter can carry viable microbes or viral particles, thereby enhancing local
inoculum [74–77]. Together, impaired clearance, immune suppression of antiviral defenses,
and increased pathogen adherence create an environment permissive of increased initial
infection and the promotion of recurrent or prolonged infection courses [68,71,73].

Taken together, these molecular and cellular irregularities establish a self-reinforcing
organization in which environmental insults cause an altered mucosal ecology, ineffec-
tive host defenses, and an increased tendency for recurrent upper-airway infections. A
proper understanding of these nodes enables the study of mechanistic biomarkers and
the development of interventions to restore barrier integrity, restore immune homeostasis,
and re-establish a protective microbiome [78]. The principal molecular and cellular mecha-
nisms through which airborne pollutants disrupt mucosal immunity and promote infection
susceptibility are summarized in Table 1.

Table 1. Molecular and cellular patho-mechanisms linking air pollution to immune dysfunction in
the upper airway.

Pathophysiological
Domain

Major Pollutant
Triggers Study Design Key Molecular

Targets/Pathways
Cellular and
Tissue Effects

Consequences for
Host Defense References

Oxidative stress and
genotoxic injury

Fine and ultrafine
particulate matter
(PM2.5, nanoparticles),
ozone (O3), nitrogen
dioxide (NO2)

Narrative reviews
(human, in vitro,
in vivo evidence);
controlled in vitro
experimental study
using human bronchial
epithelial cells
(HBEpC) and
THP-1-derived
macrophages exposed
to ozone;
biomonitoring study
(plant model:
Tradescantia pallida);
epidemiological and
experimental studies

Excess ROS/RNS
generation; depletion of
antioxidant defenses
(glutathione, SOD);
activation of redox-sensitive
transcription factors
(NF-κB, AP-1); impaired
Nrf2 signaling;
upregulation of
pro-inflammatory cytokines
(IL-8, TNF-α) and
proteomic alterations
(e.g., AKR1B10)

Lipid peroxidation,
protein
carbonylation,
oxidative DNA base
modifications,
single-strand DNA
breaks; epithelial
senescence and
aberrant repair;
enhanced
inflammatory
signaling

Persistent mucosal
inflammation,
epithelial
remodeling,
impaired innate
immune responses,
and reduced
pathogen clearance

[79–81]
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Table 1. Cont.

Pathophysiological
Domain

Major Pollutant
Triggers Study Design Key Molecular

Targets/Pathways
Cellular and
Tissue Effects

Consequences for
Host Defense References

Epithelial barrier
dysfunction and
mucociliary
impairment

Particulate matter,
gaseous pollutants
(NO2, O3),
traffic-related
pollutants such as
diesel exhaust
particles (DEP)

In vitro ALI models
(human airway
epithelial cells,
primary nasal cells);
experimental pollutant
exposure (O3, DEP,
NO2); molecular and
functional assays

Disruption of
tight/adherens junctions
(claudins, occludin, ZO-1,
E-cadherin); altered ciliary
function; increased mucin
expression (MUC5AC,
MUC5B); activation of
alarmin cytokines (IL-25,
IL-33, TSLP) and
inflammatory mediators
(IL-6, IL-8)

Increased epithelial
permeability
(decreased TEER,
increased FITC-
dextran flux);
reduced ciliary beat
frequency; ciliary
loss/injury; goblet
cell hyperplasia
and mucus
hypersecretion

Impaired
mucociliary
clearance, mucus
retention, enhanced
pathogen
colonization and
biofilm formation

[82–87]

Innate immune
dysregulation and
cytokine imbalance

PM2.5, diesel exhaust
particles (DEPs),
oxidative gases
(O3, NO2)

THP-1-ASC-GFP
reporter cells, primary
human macrophages,
and BEAS-2B/monocyte
co-culture exposed to
PM2.5 (ROFA, CAPs,
SRM 1648a) and DEP
(SRM 2975) ± TLR
agonists (LPS,
flagellin); dose–response
(1–250 µg/mL, 6–24 h)
with pharmacological
inhibitors (MCC950,
S1QEL 1.1, IL-1ra,
anti-TNF-α, sTNFR1)
and Nlrp3−/−,
Casp1−/− models;
endpoints: ASC-specks,
cytokine ELISA,
lysosomal integrity,
mitochondrial ROS
(MitoSOX), OCR
(Seahorse), and
ATP assays

Altered macrophage and
dendritic cell signaling;
impaired phagocytosis;
activation of NLRP3
inflammasome
(ASC-specks, caspase-1);
dysregulated IL-1 family
cytokines (IL-1β, IL-18);
TNF-α, IL-6, CCL2;
TLR4/CD14 signaling; K+

efflux; mitochondrial ROS;
P2X7-ATP axis;
suppressed type I/III
interferon responses

Reduced
microbicidal activity;
altered antigen
presentation;
skewed cytokine
profiles; lysosomal
rupture;
mitochondrial
ultrastructural
damage; impaired
ATP-dependent
IL-1β release
(DEP-mediated
sequestration)

Inefficient pathogen
clearance, enhanced
viral replication,
and increased
susceptibility to
infection; enhanced
viral/bacterial
susceptibility and
disruption of
IL-1-mediated
resolution pathways

[88–95]

Adaptive immune
polarization

Chronic exposure to
airborne pollutants

UPM-activated DCs
directly induced Tm
proliferation and
expansion into mixed
Th1/Th2/Th17
effector cells, including
IFN-γ+/IL-17+ Th17.1
cells. These effects
were largely MHC-II
dependent and
occurred in both
asthmatic and healthy
donors, demonstrating
that particulate matter
can act as both an
adjuvant and antigen
to drive
pro-inflammatory
T-cell responses

Altered costimulatory
molecule expression on
dendritic cells;
cytokine-driven T-cell
differentiation pathways
(Th2, Th17)

Th2-mediated
allergic
inflammation;
Th17-driven
neutrophilic
mucosal injury

Chronic airway
inflammation and
prolonged or
recurrent infections

[96–100]

Epigenetic and
trained immunity
effects

Long-term
pollutant exposure

Primary human
monocytes or alveolar
macrophages exposed
to PM2.5/DEP (10–50
µg/mL, 7–14 days),
rested 5–7 days, then
rechallenged with LPS,
E. coli, or influenza
H1N1; metabolic
(2-DG, etomoxir) and
epigenetic (GSK-J4)
inhibitors used;
endpoints: ChIP-seq,
ATAC-seq, DNA
methylation,
metabolomics,
cytokines, single-
cell RNA-seq

DNA methylation changes;
histone modifications in
immune regulatory genes;
metabolic rewiring of
myeloid cells

Persistent alteration
of immune
responsiveness;
trained immunity
or maladaptive
tolerance states

Prolonged
susceptibility to
infection even
after transient
pollution exposure

[101–110]
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Table 1. Cont.

Pathophysiological
Domain

Major Pollutant
Triggers Study Design Key Molecular

Targets/Pathways
Cellular and
Tissue Effects

Consequences for
Host Defense References

Microbiome
alterations and
dysbiosis

Oxidative and
chemical pollutants

Longitudinal study
in children
(asthmatic/healthy);
clean vs. smog days;
fecal 16S analysis with
diversity and
regression linking
pollutants to
microbiota; FeNO
in asthmatics

Reduced microbial
diversity; enrichment of
oxidative-stress-resistant
taxa (e.g., non-typable
Haemophilus, Streptococcus
spp.); disruption of quorum
sensing and SCFA signaling

Biofilm formation,
altered host–microbe
interactions, impaired
colonization resistance

Chronic
colonization,
recurrent infections,
and reduced
microbial-mediated
immune protection

[111–115]

Pollutant–pathogen
synergy

PM-bound microbes,
gaseous oxidants

Human bronchial
epithelial (Calu-3) cells
at ALI model with
repeated PM2.5
exposure followed by
influenza A infection;
assessed viral
replication, interferon
responses, innate
pathways, mitochon-
drial/metabolic
function, autophagy,
barrier integrity
(TEER), and
particle uptake

Upregulation of pathogen
adhesion receptors
(e.g., ICAM family);
epithelial apoptosis
exposing basolateral
adhesion sites; inhibition
of interferon signaling

Enhanced pathogen
adhesion, entry,
and replication;
increased local
microbial inoculum
via particulate
carriers

Increased risk
of viral and
bacterial infection
and prolonged
disease courses

[116–118]

3. Air Pollution and Upper-Airway Diseases
The upper respiratory tract is a critical interface between the external environment

and the host immune system, where microbial equilibrium, epithelial integrity, and im-
mune surveillance interact dynamically. Evidence indicates that long-term exposure to air
pollution disrupts the respiratory microbiome, triggering biological changes that increase
susceptibility to recurrent and chronic upper-airway infections. This interplay between
environmental pollutants, microbial dysbiosis, and host immune dysfunction provides
a framework for understanding pollution-associated respiratory disorders and guiding
prevention and therapeutic strategies [117].

The nasal and upper-airway microbiome is a diverse community of bacteria, viruses,
and fungi that maintains mucosal homeostasis, limits pathogen colonization, and modu-
lates local immune responses [118]. In healthy individuals, genera such as Corynebacterium,
Dolosigranulum, Staphylococcus, and Moraxella predominate, sustaining this ecological bal-
ance [119]. Continuous exposure to airborne pollutants disrupts this equilibrium by directly
affecting microorganisms and altering mucosal physicochemical conditions, leading to
microbial dysbiosis and increased susceptibility to infection [120].

Fine particulate matter (PM2.5 and PM10) adheres to the nasal epithelium, causing
structural damage, tight junction disruption, ciliary dysfunction, and excessive mucus
secretion [121]. These changes favor opportunistic pathogen colonization and impair
clearance of beneficial commensals. Reactive gases such as NO2, SO2, and O3 further
exacerbate this effect by generating oxidative radicals that selectively damage protec-
tive microbes, allowing stress-tolerant and potentially pathogenic species to prolifer-
ate [122]. The molecular and cellular mechanisms underlying pollutant-induced oxida-
tive stress, inflammatory signaling, and tissue injury are summarized in Figure 3. In-
door pollutants, including volatile organic compounds and formaldehyde, intensify mi-
crobial imbalance by imposing antimicrobial stress, reducing diversity, and promoting
pro-inflammatory taxa [123].

Epidemiological and metagenomic investigations consistently indicate that individuals
residing in areas with elevated air pollution exhibit diminished microbial diversity and an
increased prevalence of potentially pathogenic genera, such as Streptococcus, Haemophilus,
and Staphylococcus aureus [124]. Complementary metabolomic analyses demonstrate a
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metabolic reprogramming of the nasal microenvironment, characterized by an accumu-
lation of pro-inflammatory molecules, including lipopolysaccharides, accompanied by
a reduction in anti-inflammatory metabolites such as short-chain fatty acids [125]. To-
gether, these alterations compromise mucosal defense mechanisms and sustain a chronic,
low-grade inflammatory state, thereby enhancing susceptibility to recurrent upper-airway
infections [126–128].

Figure 3. Mechanistic pathways linking particulate matter exposure to respiratory inflammation
and disease. Industrial and environmental emissions release particulate matter (PM2.5 and PM10)
that is inhaled and deposited along the respiratory tract. These particles penetrate airway epithelial
surfaces and interact with epithelial and immune cells, leading to the generation of reactive oxy-
gen species (ROS) and activation of transcriptional signaling pathways such as NRF2 and NF-κB.
Subsequent release of inflammatory mediators, including IL-1β, IL-6, TNF-α, and IL-8, promotes
airway inflammation, oxidative tissue injury, immune dysregulation, endothelial dysfunction, and
epigenetic modifications. These molecular and cellular events contribute to respiratory symptoms
and the development of diseases such as asthma, chronic obstructive pulmonary disease (COPD),
pulmonary fibrosis, pneumonia, acute respiratory distress syndrome (ARDS), and lung cancer.

Rhinitis and sinusitis are among the most prevalent inflammatory disorders of the
upper respiratory tract. Recent studies show that long-term exposure to air pollutants,
particularly PM2.5, PM10, and NO2, is associated with higher incidence and severity of
chronic rhinosinusitis (CRS) [129,130]. Mechanistic evidence indicates pollutants impair ep-
ithelial barrier function, mucociliary clearance, and promote sinonasal inflammation [131].
CRS with nasal polyps (CRSwNP), especially eosinophilic T2-high endotypes, appears
more strongly linked to pollutant exposure, while CRS without polyps shows weaker
associations [132,133]. A large-scale cohort study among Korean adults reported that each
1 µg/m3 increase in PM10 was associated with a 1.22-fold increase in the adjusted odds of
developing chronic rhinosinusitis (95% CI: 1.02–1.46) [134]. The upper airway is particularly
susceptible as the first barrier against inhaled pollutants, which compromise the sinonasal
epithelium by disrupting tight junctions and impairing mucociliary clearance, leading to
mucus retention and reduced pathogen elimination. This pollutant-induced inflammation
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creates a milieu favorable to chronic pathology, promoting bacterial biofilm formation, nasal
polyp development, and mucosal remodeling—hallmarks of chronic rhinosinusitis [135].
Epidemiological data also show that children exposed to high traffic-related air pollution
have a higher incidence of allergic rhinitis and subsequent sinus disease [136]. Seasonal and
meteorological factors, such as humidity and temperature inversions that trap pollutants,
further influence these associations and often coincide with increased sinusitis prevalence.

Otitis media, including both acute and recurrent forms, often arises from nasopharyn-
geal inflammation and Eustachian tube dysfunction. The nasopharynx, as the interface
between the respiratory tract and the external environment, is directly exposed to inhaled
pollutants that can impair local immunity, disrupt microbial balance, and compromise
mucociliary function. Epidemiological data from Lanzhou, a heavily polluted city in China,
show that elevated PM2.5, PM10, NO2, SO2, and CO levels are significantly associated with
increased outpatient visits for acute otitis media [137]. Mechanistically, pollutants damage
the ciliated epithelium of the Eustachian tube, causing mucus retention and creating con-
ditions favorable for bacterial adherence and colonization. This dysfunction contributes
not only to the onset but also to the persistence and recurrence of middle-ear infections by
sustaining chronic inflammation and microbial dysbiosis [138,139].

Acute upper respiratory tract conditions such as nasopharyngitis, pharyngitis, and
tonsillitis are usually episodic, but their recurrent forms contribute substantially to mor-
bidity and healthcare burden. In the oropharynx, airborne pollutants act as direct irritants
and modulators of local immune function, compromising mucosal barrier integrity, al-
tering cytokine profiles, and shifting the microbial ecology of the pharynx and tonsils.
Epidemiological studies increasingly link prolonged exposure to fine particulate matter
(PM2.5) with a higher risk of pharyngitis and tonsillitis, especially in children [140]. Pol-
lutant exposure may reduce the protective activity of commensal streptococcal species,
promoting pathogenic bacterial proliferation and increasing infection susceptibility and
recurrence [141].

The larynx, an important component of the upper airway, is similarly vulnerable to
airborne pollutants, though it has been less extensively studied. Chronic laryngeal condi-
tions such as laryngitis, dysphonia, and vocal cord lesions may be aggravated by pollutant
exposure via direct epithelial injury, disrupted local immune responses, and altered microe-
cology. Reactive compounds, including ozone and volatile organic compounds (VOCs), are
particularly implicated in laryngeal irritation and inflammation [142,143]. Epidemiological
studies further show that populations in regions with high industrial emissions experience
increased laryngopharyngeal symptoms, often coinciding with peaks in ambient pollutant
concentrations [144–146].

A central feature linking air pollution with upper respiratory tract (URT) disease is its
role in promoting recurrence and progression to chronicity. Repeated pollutant exposure
sustains mucosal inflammation, impairs epithelial and immune function, and drives micro-
bial dysbiosis, increasing the risk of recurrent infections and chronic disease [147]. Chronic
rhinosinusitis, for example, often follows repeated acute episodes in polluted environments
and is frequently associated with comorbidities such as asthma and cardiovascular dis-
ease [148]. Given the continuity between the upper and lower airways, recurrent URT
inflammation may also contribute to lower respiratory pathology and systemic inflamma-
tory responses. Pollutant-induced alterations in epithelial and microbial homeostasis may
further extend beyond local effects, linking recurrent URT disease with broader metabolic,
cardiovascular, and immunologic complications.

Several epidemiological studies have demonstrated that children living in polluted or
urban environments experience higher rates of upper respiratory tract infections (URTIs)
and related healthcare visits. This increased susceptibility is primarily due to pollutant-
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induced impairment of mucosal immunity and disruption of the microbial balance. Repre-
sentative studies highlighting these associations are summarized in Table 2.

Table 2. Epidemiological studies reporting increased frequency of healthcare visits for upper respira-
tory tract infections (URTIs) among children residing in urban or polluted environments.

Author(s) & Year Study Location/Country Study Design & Population Exposure/Pollutant(s) Key Findings (URTI Focus)

Volkmer et al., 1995 [149] South Australia/Adelaide
Cross-sectional, parent

questionnaire; Preschool
children (age 4–5), n = 14,124

Indoor fuel type (gas stove,
LPG, wood), flueless gas
heater, parental smoking

Excessive colds (proxy for URTI):
natural gas stove increased risk

(OR 1.14); flueless gas heater,
wood fire, parental smoking not

significantly associated
with colds

Ware et al., 2014 [150] Rural Alaska (2 regions)
Cross-sectional, in-home

survey, 561 children in
328 households

Household mold

Household concern with mold
associated with elevated
prevalence of respiratory

infections (OR 1.6–2.5)

Noonan et al., 2012 [151] Libby, MT, USA

Prospective community
intervention; school children

surveyed over 4 winter
periods; >1100 wood stoves

replaced.

Ambient PM2.5 from wood
smoke (biomass combustion)

Lower PM2.5 associated with
reduced odds of respiratory

infections, including colds [25.4%
reduction (95% CI 7.6–39.7%)]
and throat infections [45.1%

reduction (95% CI 29.0–57.6%)]

Browning et al., 2009 [152]
Seattle, WA, USA

(high vs. low ambient wood
smoke neighborhoods)

Cross-sectional questionnaire;
children aged 1–5 years (subset
of total households: 325 high

smoke, 257 low smoke);
initial + 2 follow-

up questionnaires

Ambient wood smoke (PM10)

A higher prevalence of URTI
symptoms was observed in high
wood smoke areas. Congestion
was more common in the initial

survey (46.4% vs. 28.6%) and
persisted at follow-up

(29.4% vs. 0%), compared with
low smoke areas

Honicky et al., 1985 [153] Not specified (likely US)

Historical prospective study;
preschool children (n = 62)

with matched internal controls
(age, sex, town)

Indoor wood-burning stoves

Moderate and severe URTI
symptoms (colds, congestion,
mild respiratory illness) were

significantly greater in children
living in homes heated by

wood-burning stoves compared
with controls (p < 0.001)

Van Miert et al., 2011 [154]
Louvain-la-Neuve, Bastogne,
Lessines, Belgium (rural and

urban mix)

Cross-sectional; adolescents
aged ~15 years, n = 744

Indoor wood fuel use
(heating/cooking)

No increased risk of self-reported
URI symptoms with wood

fuel use

Hassen et al., 2020 [155] Legambo District, South Wollo
Zone, Ethiopia

Community-based matched
case–control; under-

five children (n = 139 cases,
278 controls)

Type of stove/household fuel,
indoor air

pollution, ventilation

ARI risk increased with the use of
traditional stoves, carrying a
child while cooking, and the

absence of windows
(URTI-relevant factors)

Sanbata et al., 2014 [156] Addis Ababa, Ethiopia

Community-based
cross-sectional study;

422 households with children
under 5 years

Biomass fuels (wood, crop
residues, dung) vs. cleaner
fuels (kerosene, electricity)

A total of 60% of children lived in
households that used biomass
fuel. Two-week prevalence of

ARI: 23.9%. Biomass fuel use is
associated with increased odds of
ARI (OR 2.97, 95% CI: 1.38–3.87).
Kerosene use also elevated risk

(OR 1.96, 95% CI: 0.78–4.89).

Dagne et al., 2020 [157]
Ethiopia, University of

Gondar Comprehensive
Specialized Hospital

Institution-based
cross-sectional; under-

five children attending the
pediatric ward (n = 422)

Demographic, hygiene, and
residence factors

Prevalence of ARI (proxy for
URTI) 27.3%. Significant

associations: age < 12 months
(AOR = 3.39), maternal age 16–27

(AOR = 1.95) and 28–33
(AOR = 2.73), rural residence
(AOR = 2.27), lack of maternal

handwashing awareness
(AOR = 2.79), lack of meningitis

(AOR = 0.22).

Alemayehu et al., 2014 [158] Gondar city, Ethiopia
Community-based

cross-sectional; 715 children
under 5 years

Household cooking fuel:
high-pollution biomass fuels

(wood, dung, straw) vs.
cleaner fuels (LPG, electricity)

Prevalence of ARI 26.3%.
Children in households using

high-pollution fuels: 3.89 times
more likely to have ARI

(OR = 3.89; 95% CI: 1.54–28.25).
Other significant factors: kitchen

without windows (OR = 3.53),
child playing nearby cooking

area (OR = 7.08), child carried on
lap/back during cooking

(OR = 2.68).
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Table 2. Cont.

Author(s) & Year Study Location/Country Study Design & Population Exposure/Pollutant(s) Key Findings (URTI Focus)

Cai et al., 2021 [159] 21 sub-Saharan
African countries

Cross-sectional analysis using
Demographic and Health

Surveys data;
368,366 children < 5 years

for cough

Ambient PM2.5 (prior-
month average)

Prevalence: cough 20.5%.
Overall, no significant

association between short-term
PM2.5 exposure and cough.

Slight positive associations in
countries with medium-to-high

Human Development Index
(cough OR = 1.022 per 1 µg/m3

increase PM2.5)

Zheng et al., 2022 [160] 21 cities across China

Systematic review and
meta-analysis; children < 18;
33 time-series studies with

>18 million outpatient visits

PM2.5, PM10, SO2, NO2, O3

Short-term exposure to all
pollutants is associated with

increased outpatient visits for
respiratory diseases among

children. URTI-specific outcomes
were not reported separately.

Oh et al., 2020 [161] Seven major cities,
Republic of Korea

Time-series; children
aged 0–3 years PM2.5

Higher PM2.5 associated with
increased risk of acute otitis
media, particularly in warm
season and in children with

recent URTI history (RR 1.011 per
10 µg/m3 increase; RR 1.017 in

children with URTI in the
prior week)

Martín & Sánchez,
2018 [162] Madrid, Spain

Ecological study; children
attending a Primary Health

Care center, 2013–2015;
5125 consultations for URTI

NO2, SO2, CO, NOx, benzene

Positive correlation between
NO2 and pediatric consultations

for respiratory diseases
(including URTIs). The number
of consultations is significantly
higher when NO2 > 40 µg/m3.
Multiple regression confirmed

NO2 as the main
positive predictor.

Hajat et al., 2002 [163] London, UK

Time-series analysis of daily
GP consultations, 1992–1994;

children aged 0–14 years from
45 to 47 family practices

(≈268,718–295,740 patients)

SO2, PM10, NO2, O3, CO,
black smoke

Childhood consultations for
URTIs increased by 3.5% (95% CI
1.4–5.8%) per 10–90th percentile
increase in SO2. Small positive
effects for PM10 (2.0%, 95% CI
−0.2 to 4.2%). O3 showed a

negative association. Effects are
strongest in winter.

Qiu et al., 2018 [164] 17 cities in the Sichuan Basin,
China

Multi-city time-series analysis;
Children (≤14 years),

≈245,899 hospital admissions
(all respiratory diseases);

115,788 URTI hospital
admissions (all ages)

PM2.5, PM10, NO2, SO2

Children were more vulnerable
to ambient air pollution. A 10
µg/m3 increase in PM2.5, PM10,
NO2, and SO2 was associated

with increased hospital
admissions for URTI, with the

strongest effects at lag 0–2 days.
Air pollution contributed to a

measurable fraction of pediatric
URTI hospitalizations.

Yu et al., 2023 [165] 82 cities, China

Multi-city longitudinal
observational study; children

0–14 years (68.73% of
3,735,934 cases)

PM2.5, PM10, NO2,
SO2, CO, O3

Positive short-term association
between NO2, SO2, PM2.5, PM10,

CO and influenza incidence.
Strongest effects: NO2 & SO2.

The effect is higher in children
than in adults. Lag 1–7 days. A
substantial attributable fraction
of influenza cases due to NO2
and CO is higher in northern,

polluted cities.

Li et al., 2021 [166] Shijiazhuang, Xi’an, Nanjing,
Guangzhou, China

Multi-city time-series study;
children 0–14 years, pediatric

outpatient visits for
respiratory diseases

(ICD J00–J99)

PM2.5 (also considered
interaction with NO2)

Short-term exposure to PM2.5 is
associated with increased

pediatric outpatient visits for
respiratory diseases. Strongest
effects for URTIs at lag 0. Every

10 µg/m3 increase in PM2.5:
URTIs +0.50% (95% CI:

0.19–0.81%). Cumulative effect
(lag 0–7): +0.96% for URTIs.

Greater effects in less polluted
cities and on lower
temperature days.
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Table 2. Cont.

Author(s) & Year Study Location/Country Study Design & Population Exposure/Pollutant(s) Key Findings (URTI Focus)

Yang et al., 2021 [167] Guangzhou, Shanghai,
Wuhan, Xining, China

Multi-city time-series study,
children 0–14 years,
183,036 respiratory

hospitalizations.

PM2.5, PM10, SO2,
NO2, CO, O3

PM2.5: +2.3% URTI
hospitalizations (lag 0–7)

PM10: +0.8% (lag 0–3)
NO2: +2.4% (lag 0–7)

SO2, CO, O3: no significant
pooled effect

Higher risk: children 4–14 years,
cold season

Mondal & Paul 2020 [168] India Cross-sectional study;
247,743 children < 5 years

Indoor air pollution proxies:
biomass cooking fuels, lack of

a separate kitchen, and
household smoking

Overall, 2.7% of children had
acute respiratory infection (ARI)

in the previous two weeks.
Biomass fuel use increased ARI

risk by 10% (OR 1.10, 95% CI
1.01–1.20), absence of a separate
kitchen by 22% (OR 1.22, 95% CI

1.14–1.30), and household
smoking by 6% (OR 1.06, 95% CI
1.00–1.12). The combined effect

of biomass fuel use and no
separate kitchen increased ARI

risk by 35% (OR 1.35,
95% CI 1.21–1.51).

Woolley et al., 2020 [169]

Uganda (nationally
representative survey,

15 regions, urban & rural
areas)

Cross-sectional analysis of the
2016 Demographic and Health
Survey. 15,405 children under

5 years old in households
using wood/charcoal as

primary cooking fuel (Urban
~18%, Rural ~82%)

Household air pollution from
biomass fuels (wood, charcoal);

associated pollutants:
particulate matter, CO, NO2

Compared with charcoal, wood
exposure was associated with

higher odds of fever (AOR 1.26,
95% CI 1.08–1.48), cough (1.15,

1.00–1.33), ARI (1.36, 1.11–1.66),
and severe ARI (1.41, 1.09–1.85).
Urban–rural differences showed

higher odds of ARI in urban
areas (AOR 1.77), while in rural

areas, increased odds were
observed for fever (1.23)

and ARI (1.27)

Rana et al., 2019 [170]
Afghanistan (nationally

representative, 34 provinces,
urban & rural areas)

Cross-sectional study;
27,565 under-five children;

predominantly rural (77.3%)

Indoor air pollution (IAP)
from solid fuel use (SFU):

kerosene, coal, lignite,
charcoal, wood, animal dung,

straw/grass; augmented
measure: SFU + kitchen

location (indoor/outdoor) to
create low-, moderate-, and

high-exposure groups

Overall ARI prevalence was
17.6%, higher among solid fuel
use (SFU) households (18.7%)

compared to non-SFU
households (15.2%). High indoor
air pollution exposure (SFU with
indoor kitchen) was associated

with increased ARI risk (aPR 1.17,
95% CI 1.03–1.32). Children in

households with indoor kitchens
were at higher risk, while

rural–urban differences were
less pronounced

Khan & Lohano 2018 [171] Pakistan Cross-sectional study;
11,040 children under 5 years

Polluting fuels (solid fuels:
wood, crop residue, animal

dung, charcoal, coal,
shrubs/grass/straw; kerosene)
vs. cleaner fuels (LPG, natural

gas, biogas, electricity)

Children in households using
polluting fuels are 1.5 times more

likely to have ARI symptoms.
Breastfeeding, vaccination,

mothers’ education, and older
maternal age reduce the risk of

ARI. Household crowding and a
separate kitchen were

not significant.

Xu et al., 2022 [172] 25 major cities in China
Multi-city time-series study.
Children aged 0–18 years;

97,858 URTI hospitalizations
CO, NO2, SO2, O3

Ozone (O3) and nitrogen dioxide
(NO2) exposure were associated
with increased upper respiratory

tract infection (URTI)
hospitalizations, whereas carbon

monoxide (CO) and sulfur
dioxide (SO2) showed little to no
effect. Age-specific differences
were observed, with children

under 1 year being more
sensitive to SO2 and O3, and
children aged 4–6 years more
sensitive to CO and NO2. The

effects of O3 were stronger
during the warm season

4. From Upper-Airway Injury to Multisystem Disease: Mechanistic
Pathways Linking Air Pollution to Systemic Health

Air pollution exerts a continuum of injury from the upper airways to systemic organs
through inflammatory, oxidative, and neuroimmune pathways. Inhaled pollutants, including
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particulate matter (PM2.5 and PM10), nitrogen oxides, ozone, and heavy metals, initially
induce localized inflammation in the nasal and bronchial mucosa, causing epithelial damage
and cytokine release that activate downstream immune responses. With chronic exposure,
this inflammatory process extends to the lower airways, contributing to diseases such as
asthma, chronic obstructive pulmonary disease (COPD), and bronchiectasis. Pro-inflammatory
cytokines (e.g., IL-6, IL-1β, GM-CSF) may enter systemic circulation, promoting persistent
low-grade inflammation [173,174]. This “lung-to-blood” axis is associated with neutrophilia,
platelet activation, endothelial dysfunction, and impaired tissue perfusion.

Systemic dissemination of inflammatory mediators links air pollution to cardiovascular
and metabolic disease. Persistent cytokine release promotes vascular remodeling, oxidative
stress, and endothelial activation, accelerating atherogenesis and microvascular injury [175].
Epidemiological studies consistently associate chronic exposure to particulate matter with
increased risks of ischemic heart disease, stroke, and insulin resistance. Ultrafine particles
(<100 nm) can also penetrate the alveolar–capillary barrier and enter the circulation, where
they deposit in distant tissues, enhancing oxidative stress and thrombosis [176,177]. These
mechanisms help explain the link between respiratory pollutant exposure and systemic
vascular injury observed in population studies.

Emerging evidence highlights a neuro-inflammatory dimension of air pollution. Ultra-
fine particles can bypass the blood–brain barrier via olfactory neuronal transport, directly
reaching the central nervous system. In the olfactory bulb and cortex, they activate mi-
croglia and astrocytes, promoting the release of pro-inflammatory cytokines and reactive
oxygen species. The pathways by which airborne pollutants access and affect the brain
are summarized in Figure 4. Chronic neuro-inflammation is increasingly implicated in the
link between long-term air pollution exposure and neurodegenerative diseases such as
Alzheimer’s and Parkinson’s disease [178]. Experimental studies further show that par-
ticulate matter can act as a “Trojan horse,” delivering adsorbed metals and organic toxins
into brain tissue, where they disrupt mitochondrial function and neuronal signaling. This
neuroimmune interaction underscores the systemic impact of environmental exposures.

The immunological effects of chronic air pollution extend beyond the nervous and
cardiovascular systems to metabolic and endocrine regulation. Persistent inflammation
and oxidative stress disrupt adipokine balance, impair insulin signaling, and contribute to
metabolic syndrome and type 2 diabetes. Pollutants may also interfere with steroidoge-
nesis and thyroid hormone metabolism, consistent with epidemiological links to thyroid
dysfunction. Lymphatic findings further support systemic dissemination, with thoracic
lymph nodes accumulating particulate matter over time, reflecting the lungs as a portal of
entry for environmental toxins [179].

In addition, prolonged exposure to PM2.5 and PM10 has been associated with an
increased risk of autoimmune diseases. Large cohort studies report higher incidence of
rheumatoid arthritis, systemic connective tissue diseases, and inflammatory bowel disease,
while short-term pollutant peaks have been linked to exacerbations of conditions such as
Hashimoto’s thyroiditis, lupus, arthritis, and psoriasis [180–182]. Mechanistically, these
effects may involve altered T-cell differentiation, increased pro-inflammatory cytokine
production, and oxidative and epigenetic changes that promote autoimmunity [183].

Collectively, these findings depict a systemic continuum: what begins as local airway
inflammation can evolve into multisystem disease involving vascular, neural, metabolic,
and immune networks. The upper airway thus serves not merely as the first site of contact
but as the gateway to systemic immune dysregulation. This perspective reframes air
pollution as a determinant not only of respiratory illness but also of whole-body health.
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Figure 4. Impact of air pollutants on the brain. Airborne pollutants, including particulate matter
(PM2.5, PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), ozone (O3), volatile organic compounds
(VOCs), and heavy metals, can affect the central nervous system through multiple pathways. Fol-
lowing respiratory deposition, pollutants may enter the systemic circulation or induce respiratory
and systemic inflammation, leading to cytokine and chemokine release (e.g., TNF-α, IL-1β, IL-6,
MCP-1, CXCL8). Ultrafine particles may also access the brain through the nasal–olfactory path-
way, enabling direct translocation into neural tissue. These processes activate microglia, promote
neuro-inflammation, and ultimately contribute to neuronal injury and cell death.

5. Preventive, Therapeutic, and Translational Strategies
Effective mitigation of the impact of air pollution on recurrent upper-airway infections

and comorbid health issues requires a multi-tiered approach spanning population-level pre-
vention, individual clinical management, and translational innovation. These strategies fall
broadly into (1) environmental and exposure reduction, (2) individual protective behaviors,
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(3) clinical therapeutic interventions, (4) microbiome and immunomodulatory approaches,
and (5) translational research and precision medicine pathways. In the following sections,
we distinguish between strategies supported by established clinical or epidemiological
evidence and those that remain emerging or exploratory, particularly in the context of
artificial intelligence, exposomics, and precision medicine.

5.1. Environmental and Exposure Reduction

At the societal level, the foundational strategy for preventing air pollution-related ill-
ness is the systemic reduction in ambient pollutant concentrations. This is achieved through
multi-pronged policy interventions, including the enforcement of stricter emission stan-
dards for industrial and vehicular sources, the strategic implementation of low-emission
zones in urban centers, and a transition towards cleaner fuel alternatives coupled with the
promotion of electric mobility. The efficacy of such measures is supported by meta-analyses
of urban air quality interventions, which confirm that integrated strategies targeting a
spectrum of pollutants, particularly particulate matter (PM), nitrogen dioxide (NO2), sulfur
dioxide (SO2), and volatile organic compounds (VOCs), are consistently associated with sta-
tistically significant declines in population-level respiratory symptomatology and infection
rates. From a pathophysiological perspective, the benefit of improved air quality for the
upper airways is direct and multifaceted. Reduced exposure to pollutants mitigates chronic
mucosal inflammation, preserves the integrity of the epithelial barrier, and stabilizes the
commensal nasal microbiome. This, in turn, diminishes the pathophysiological drivers of
epithelial injury and microbial dysbiosis, thereby lowering the population risk for recurrent
episodes of rhinitis, sinusitis, and pharyngitis [184–187].

Complementary to systemic policies, targeted exposure-mitigation strategies are essen-
tial. Urban green infrastructure, such as vegetative barriers, functions as a passive biogenic
filter, improving local air quality. At the individual level, consulting air quality indices to
moderate outdoor activity and selecting travel routes distant from high-traffic corridors
minimizes personal exposure. Indoors, ventilation, HEPA filtration, and the substitution
of solid fuels with clean alternatives (e.g., LPG, electricity) significantly reduce inhalation
of combustion-derived aerosols. These measures are particularly critical in high-exposure
environments, including low-resource settings with persistent ambient and household air
pollution [188].

5.2. Individual Protective Behaviors

When systemic pollution control is inadequate, individual-level interventions provide
a critical layer of protection. Evidence supports several exposure-mitigation strategies:
monitoring real-time air quality indices to guide the timing and intensity of outdoor exer-
tion, avoiding high-traffic corridors during commuting, and utilizing well-fitted respiratory
protection (e.g., N95/FFP2 respirators) to reduce the inhaled dose of particulate matter,
particularly for susceptible subgroups. Furthermore, portable air cleaners equipped with
High-Efficiency Particulate Air (HEPA) filters consistently demonstrate a capacity to lower
indoor PM2.5 concentrations and improve subclinical cardiopulmonary endpoints. For
upper-airway health, these behavioral and mechanical strategies are paramount. By re-
ducing the total pollutant insult at the primary point of entry, they help preserve essential
nasal defenses, including mucociliary function, epithelial barrier integrity, and commensal
microbiome homeostasis [189–191]. High-filtration masks (FFP2/N95) can also reduce
exposure to airborne allergens, improving nasal and ocular symptoms in allergic rhinitis.
However, prolonged use may cause nasal discomfort, dryness, itching, or “mask-induced
rhinitis,” likely due to altered airflow, increased humidity, and local irritation rather than
true allergic inflammation [192–194].
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5.3. Clinical Therapeutic Interventions

In populations chronically exposed to elevated air pollution, the clinical management
of recurrent upper-airway infections must be tailored toward mitigating both microbial and
pollutant-induced epithelial injury. A comprehensive environmental exposure assessment
should be integrated into the clinical history to quantify pollutant burden, occupational
risk, and indoor air quality [195,196]. Such contextual data are indispensable for accurate
diagnosis and the development of patient-specific preventive strategies.

Clinical management should prioritize minimizing exposure to pollutants and aller-
gens, along with rigorous control of comorbid allergic airway diseases (encompassing
both upper and lower airway pathological conditions, including chronic inflammatory
disorders). Allergic rhinitis and asthma amplify pollutant-driven oxidative stress and
inflammatory signaling via IL-4, IL-5, and IL-13 pathways, rendering the upper-airway
epithelium more susceptible to microbial colonization and recurrent infection [197–199].
Hence, simultaneous control of these comorbidities is critical for therapeutic efficacy.

Pharmacologic interventions remain foundational, with intranasal corticosteroids,
antihistamines, and topical or systemic decongestants serving as first-line agents. Yet, in
high-exposure settings, prolonged or combination therapy is often necessary to suppress
chronic pollutant-mediated activation of NF-κB and related pro-inflammatory cascades.
Adjunctive administration of antioxidants (e.g., N-acetylcysteine or vitamin C) has also
been explored to counteract reactive oxygen species generated by particulate exposure,
though robust clinical validation is ongoing [200–203].

Nasal saline irrigation (isotonic or hypertonic) constitutes a mechanical and biochemi-
cal defense strategy. By removing deposited particulate matter and desquamated mucus,
it reduces the concentration of cytokines such as IL-8 and TNF-α in nasal secretions, in-
terrupts early biofilm formation, and facilitates mucociliary clearance. Meta-analyses
have consistently demonstrated its efficacy in reducing symptom severity and infection
recurrence, especially in polluted urban environments [204–207].

5.4. Microbiome and Immunomodulatory Approaches

While the mechanistic links between air pollution, microbiome disruption, and im-
mune dysregulation are increasingly supported by experimental and multi-omics studies,
clinical translation of microbiome-targeted therapies remains largely in the exploratory
stage. Emerging therapeutic approaches target the disruption of sinonasal microbial com-
munities caused by air pollutants, aiming to re-establish a healthy, resilient microbiome.
Interventions involving the topical or oral administration of specific probiotics or prebiotics
are under investigation for their capacity to selectively promote protective commensal
bacteria, such as Corynebacterium and Dolosigranulum. The underlying premise is that by
fortifying the nasal microbiota, these treatments could enhance mucosal immunity and
competitively exclude opportunistic pathogens, thereby lowering the incidence of recur-
rent infections. Although direct clinical evidence from human studies remains limited,
this paradigm is substantiated by multi-omics research that delineates a clear trajectory
from pollutant exposure to characteristic microbiome alterations and subsequent disease
phenotypes [208–210].

Concurrently, therapeutic strategies to mitigate oxidative stress are being developed
to protect the nasal epithelium. The administration of antioxidants via systemic or inhaled
routes aims to neutralize reactive oxygen species generated by particulate matter, thereby
safeguarding epithelial barrier function and moderating dysregulated immune activation.
Recent syntheses of available data indicate that inhaled antioxidant formulations show par-
ticular potential to reduce oxidative damage to the airway surface liquid directly. Together,
these microbiota-targeted and immunomodulatory approaches constitute a promising new
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class of interventions, translating mechanistic insights on pollutant-induced damage into
potential clinical solutions [211,212].

5.5. Translational Research and Precision Medicine

While precision medicine approaches integrating multi-omics data and personal expo-
sure monitoring show promise, much of this field remains exploratory, with limited direct
clinical validation in upper-airway diseases. A precision medicine approach is emerging
and under investigation, utilizing multi-omics data, personal exposure monitoring, and
clinical biomarkers to identify individuals potentially at high risk for pollution-associated
upper-airway disease. This enables preemptive, targeted interventions like personalized
air filtration or microbiome therapy. Research must now prioritize clinical trials with upper
respiratory endpoints in polluted areas and conduct cost–benefit analyses of exposure
reduction strategies. Such evidence is vital to position upper-airway health as a key metric
in air pollution policy [192–196]. However, further research and clinical validation are
required before these strategies can be routinely implemented in clinical practice [213–217].

6. Future Outlook and Conclusions
Future research should prioritize integrating precision exposure science with molec-

ular phenotyping. Measuring personal exposure at high resolution and coupling it with
longitudinal multi-omics profiling (epithelial transcriptomics, epigenomics, proteomics,
metabolomics, and metagenomics) will enable causal analyses at both individual and
population levels, facilitating the discovery of biomarker signatures that predict recurrent
infection risk [218–220].

Furthermore, there is an urgent need for interventional and natural-experiment study
designs. Randomized trials evaluating household and institutional air quality interven-
tions, such as high-efficiency air filtration and clean cooking technologies, should in-
corporate clinical endpoints and molecular biomarkers of upper-airway disease. These
approaches will enhance causal inference and help establish evidence-based mitigation
strategies [221–223].

Mechanistically guided therapies represent another key direction. Agents that restore
redox balance, enhance mucociliary clearance, or correct immune polarization deserve
exploration, alongside microbiome-targeted strategies that restore colonization resistance
and disrupt pathogenic biofilms. Precision prevention approaches focusing on high-risk
individuals identified through exposomic and genomic risk stratification could further
optimize outcomes and efficiency [224–228].

In addition, translational agendas must align with policy and equity frameworks.
Since exposure to pollution is strongly influenced by social and environmental factors,
clinical and public health efforts should be paired with policies that address emissions
reduction, housing quality, and equitable access to clean energy. The adoption of a “clean-air
medicine” model—integrating environmental exposure management into clinical practice,
prevention, and respiratory care—can serve as a transformative approach [229,230].

Overall, reducing the global burden of recurrent upper-airway infections requires
interdisciplinary collaboration across exposure science, molecular biology, clinical medicine,
and policy. Emerging advances in exposomics, multi-omics, and AI-driven analytics offer
unprecedented opportunities to map the continuum from environmental exposure to
molecular mechanism and clinical phenotype. These integrative strategies will enable
precision interventions and ultimately promote respiratory health in a pollution-impacted
world [231–238].

Air pollution is a measurable and modifiable driver of recurrent upper-airway infec-
tions and systemic disease. Mechanistic pathways, including oxidative injury, immune
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reprogramming, epithelial barrier disruption, and microbiome imbalance, underlie the
persistence of inflammation and repeated infections.

Addressing the global burden of pollution-driven airway diseases demands inter-
disciplinary collaboration across exposure science, molecular biology, clinical medicine,
data analytics, and policy. Advances in exposomics, multi-omics, and artificial intelligence
provide new opportunities to trace the trajectory from exposure to clinical outcome, en-
abling the development of targeted interventions and sustainable preventive strategies. By
combining mechanistic insight with public health action, it is possible to reduce the impact
of recurrent airway infections and promote long-term respiratory health worldwide.
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between fine particulate matter (PM2.5) exposure and upper respiratory tract diseases. J. Pers. Med. 2024, 14, 98. [CrossRef]

129. Zhou, Q.; Ma, J.; Biswal, S.; Rowan, N.R.; London, N.R.; Riley, C.A.; Lee, S.E.; Pinto, J.M.; Ahmed, O.G.; Su, M.; et al. Air pollution,
genetic factors, and chronic rhinosinusitis: A prospective study in the UK Biobank. Sci. Total Environ. 2024, 940, 173526. [CrossRef]

130. Leland, E.M.; Vohra, V.; Seal, S.M.; Zhang, Z.; Ramanathan, M., Jr. Environmental air pollution and chronic rhinosinusitis: A
systematic review. Laryngoscope Investig. Otolaryngol. 2022, 7, 349–360. [CrossRef]

131. Theorell, J.; Drnevich, J.; Verma, V.; Salana, S.; Lee, V.S.; Sargis, R.M.; Veiga-Lopez, A. Effects of urban PM2.5 on primary sinonasal
epithelial cells in individuals with chronic rhinosinusitis. Toxicol. Sci. 2026, 209, kfaf142. [CrossRef]

132. Yang, X.; Shen, S.; Deng, Y.; Wang, C.; Zhang, L. Air pollution exposure affects severity and cellular endotype of chronic
rhinosinusitis with nasal polyps. Laryngoscope 2022, 132, 2103–2110. [CrossRef] [PubMed]

133. Chen, M.; Xu, Z.; Fu, Y.; Zhang, N.; Liu, W.; Shi, L.; Lu, T.; Li, Z.; Tu, Z.; Li, J.; et al. Association of long-term air pollution and
allergen exposure with endotype shift in chronic rhinosinusitis with nasal polyps. Ann. Allergy Asthma Immunol. 2025, 135,
171–179.e2. [CrossRef]

https://doi.org/10.3390/sinusitis10010009

https://doi.org/10.1016/j.ecoenv.2025.119423
https://doi.org/10.1016/j.cdtm.2020.05.004
https://doi.org/10.1164/rccm.202112-2668TR
https://www.ncbi.nlm.nih.gov/pubmed/35649181
https://doi.org/10.1155/2020/5753427
https://www.ncbi.nlm.nih.gov/pubmed/33204702
https://doi.org/10.1021/acs.est.3c08835
https://www.ncbi.nlm.nih.gov/pubmed/38568611
https://doi.org/10.1016/j.envres.2025.122808
https://doi.org/10.1016/j.envpol.2025.126687
https://doi.org/10.1016/j.chom.2018.08.005
https://doi.org/10.1038/nrmicro.2017.14
https://doi.org/10.1186/s12915-019-0703-z
https://doi.org/10.1093/infdis/jiw456
https://doi.org/10.3390/ijerph18147655
https://doi.org/10.1126/sciadv.1400216
https://doi.org/10.1038/cti.2017.6
https://doi.org/10.1164/rccm.201710-2112OC
https://www.ncbi.nlm.nih.gov/pubmed/29768034
https://doi.org/10.1111/all.13812
https://www.ncbi.nlm.nih.gov/pubmed/30964945
https://doi.org/10.3389/fcell.2020.00091
https://www.ncbi.nlm.nih.gov/pubmed/32195248
https://doi.org/10.1007/s11869-021-01088-6
https://doi.org/10.3390/jpm14010098
https://doi.org/10.1016/j.scitotenv.2024.173526
https://doi.org/10.1002/lio2.774
https://doi.org/10.1093/toxsci/kfaf142
https://doi.org/10.1002/lary.29974
https://www.ncbi.nlm.nih.gov/pubmed/34870326
https://doi.org/10.1016/j.anai.2025.03.014
https://doi.org/10.3390/sinusitis10010009


Sinusitis 2026, 10, 9 25 of 29

134. Park, M.; Lee, J.S.; Park, M.K. The effects of air pollutants on the prevalence of common ear, nose, and throat diseases in
South Korea: A national population-based study. Clin. Exp. Otorhinolaryngol. 2019, 12, 294–300. [CrossRef] [PubMed]

135. Jang, A.S.; Jun, Y.J.; Park, M.K. Effects of air pollutants on upper airway disease. Curr. Opin. Allergy Clin. Immunol. 2016, 16, 13–17.
[CrossRef] [PubMed]

136. Hao, S.; Yuan, F.; Pang, P.; Yang, B.; Jiang, X.; Yan, A. Early childhood traffic-related air pollution and risk of allergic rhinitis at
2–4 years of age: Modification by family stress and male gender, a case-control study in Shenyang, China. Environ. Health Prev.
Med. 2021, 26, 48. [CrossRef]

137. Li, J.; Feng, C.; Ma, X.; Wu, D. Impact of the urban atmospheric environment on otolaryngologic disease outpatient visits in
Lanzhou, China. Sci. Rep. 2025, 15, 21556. [CrossRef]

138. Szekely, D.; Zara, F.; Patrascu, R.; Dumitru, C.S.; Novacescu, R.; Manole, A.; Mogoanta, C.A.; Iovanescu, D.; Iovanescu, G.
Histopathological and molecular insights into chronic nasopharyngeal and otic disorders in children: Structural and immune
mechanisms underlying disease chronicity. Life 2025, 15, 1228. [CrossRef]

139. Aithal, S.S.; Sachdeva, I.; Kurmi, O.P. Air quality and respiratory health in children. Breathe 2023, 19, 230040. [CrossRef]
140. Lee, J.H.; Lee, R.; Jang, H.; Lee, W.; Lee, J.W.; AiMS-CREATE; Kim, H.S.; Ha, E.H. Association between long-term PM2.5 exposure

and risk of infectious diseases—Acute otitis media, sinusitis, pharyngitis, and tonsillitis in children: A nationwide longitudinal
cohort study. Environ. Res. 2025, 272, 121137. [CrossRef]

141. Khan, R.; Petersen, F.C.; Shekhar, S. Commensal bacteria: An emerging player in defense against respiratory pathogens. Front.
Immunol. 2019, 10, 1203. [CrossRef]

142. Lee, Y.G.; Lee, P.H.; Choi, S.M.; An, M.H.; Jang, A.S. Effects of air pollutants on airway diseases. Int. J. Environ. Res. Public Health
2021, 18, 9905. [CrossRef] [PubMed]

143. Iqbal, M.; Khan, M.H.; Rehman, H.U.; Hussain, A.; Ahmad, J.; Ayaz, M. The impacts of air pollutants on the development and
progression of ear, nose, and throat conditions. J. Popul. Ther. Clin. Pharmacol. 2024, 31, 1572–1580. [CrossRef]

144. Joo, Y.H.; Lee, S.S.; Han, K.D.; Park, K.H. Association between chronic laryngitis and particulate matter based on the Korea
National Health and Nutrition Examination Survey 2008–2012. PLoS ONE 2015, 10, e0133180. [CrossRef] [PubMed]

145. Yang, T.; Deng, W.; Liu, Y.; Zhao, W.; Liu, J.; Cao, Y.; Deng, J. Association between ambient air pollution and laryngeal neoplasms
incidence in twelve major Chinese cities, 2006–2013. Environ. Sci. Pollut. Res. Int. 2020, 27, 39274–39282. [CrossRef]

146. Choo, E.L.W.; Janhavi, A.; Koo, J.R.; Yim, S.H.L.; Dickens, B.L.; Lim, J.T. Association between ambient air pollutants and upper
respiratory tract infection and pneumonia disease burden in Thailand from 2000 to 2022: A high-frequency ecological analysis.
BMC Infect. Dis. 2023, 23, 379. [CrossRef]

147. Peeters, S.; Wang, C.; Bijnens, E.M.; Bullens, D.M.A.; Fokkens, W.J.; Bachert, C.; Hellings, P.W.; Nawrot, T.S.; Seys, S.F. Association
between outdoor air pollution and chronic rhinosinusitis patient-reported outcomes. Environ. Health 2022, 21, 134. [CrossRef]

148. Ge, Y.; Tang, G.; Fu, Y.; Deng, P.; Yao, R. The impact of environmental factors on respiratory tract microbiome and respiratory
system diseases. Eur. J. Med. Res. 2025, 30, 236. [CrossRef]

149. Volkmer, R.E.; Ruffin, R.E.; Wigg, N.R.; Davies, N. The prevalence of respiratory symptoms in South Australian preschool children.
II. Factors associated with indoor air quality. J. Paediatr. Child Health 1995, 31, 116–120. [CrossRef]

150. Ware, D.N.; Lewis, J.; Hopkins, S.; Boyer, B.; Montrose, L.; Noonan, C.W.; Semmens, E.O.; Ward, T.J. Household reporting of
childhood respiratory health and air pollution in rural Alaska Native communities. Int. J. Circumpolar Health 2014, 73, 24324.
[CrossRef]

151. Noonan, C.W.; Ward, T.J.; Navidi, W.; Sheppard, L. A rural community intervention targeting biomass combustion sources:
Effects on air quality and reporting of children’s respiratory outcomes. Occup. Environ. Med. 2012, 69, 354–360. [CrossRef]

152. Browning, K.G.; Koenig, J.Q.; Checkoway, H.; Larson, T.V.; Pierson, W.E. A questionnaire study of respiratory health in areas of
high and low ambient wood smoke pollution. Pediatr. Asthma Allergy Immunol. 1990, 4, 183–189. [CrossRef]

153. Honicky, R.E.; Osborne, J.S., III; Akpom, C.A. Symptoms of respiratory illness in young children and the use of wood-burning
stoves for indoor heating. Pediatrics 1985, 75, 587–593. [CrossRef] [PubMed]

154. Van Miert, E.; Sardella, A.; Nickmilder, M.; Bernard, A. Respiratory effects associated with wood fuel use: A cross-sectional
biomarker study among adolescents. Pediatr. Pulmonol. 2012, 47, 358–366. [CrossRef] [PubMed]

155. Hassen, S.; Getachew, M.; Eneyew, B.; Keleb, A.; Ademas, A.; Berihun, G.; Berhanu, L.; Yenuss, M.; Natnael, T.; Kebede, A.B.; et al.
Determinants of acute respiratory infection (ARI) among under-five children in rural areas of Legambo District, South Wollo
Zone, Ethiopia: A matched case-control study. Int. J. Infect. Dis. 2020, 96, 688–695. [CrossRef]

156. Sanbata, H.; Asfaw, A.; Kumie, A. Association of biomass fuel use with acute respiratory infections among under-five children in
a slum urban of Addis Ababa, Ethiopia. BMC Public Health 2014, 14, 1122. [CrossRef]

157. Dagne, H.; Andualem, Z.; Dagnew, B.; Taddese, A.A. Acute respiratory infection and its associated factors among children
under-five years attending pediatrics ward at University of Gondar Comprehensive Specialized Hospital, Northwest Ethiopia:
An institution-based cross-sectional study. BMC Pediatr. 2020, 20, 93. [CrossRef]

https://doi.org/10.3390/sinusitis10010009

https://doi.org/10.21053/ceo.2018.00612
https://www.ncbi.nlm.nih.gov/pubmed/30813711
https://doi.org/10.1097/ACI.0000000000000235
https://www.ncbi.nlm.nih.gov/pubmed/26658014
https://doi.org/10.1186/s12199-021-00969-7
https://doi.org/10.1038/s41598-025-07352-4
https://doi.org/10.3390/life15081228
https://doi.org/10.1183/20734735.0040-2023
https://doi.org/10.1016/j.envres.2025.121137
https://doi.org/10.3389/fimmu.2019.01203
https://doi.org/10.3390/ijerph18189905
https://www.ncbi.nlm.nih.gov/pubmed/34574829
https://doi.org/10.53555/jptcp.v31i3.5171
https://doi.org/10.1371/journal.pone.0133180
https://www.ncbi.nlm.nih.gov/pubmed/26177353
https://doi.org/10.1007/s11356-020-09948-x
https://doi.org/10.1186/s12879-023-08185-0
https://doi.org/10.1186/s12940-022-00948-7
https://doi.org/10.1186/s40001-025-02517-3
https://doi.org/10.1111/j.1440-1754.1995.tb00758.x
https://doi.org/10.3402/ijch.v73.24324
https://doi.org/10.1136/oemed-2011-100394
https://doi.org/10.1089/pai.1990.4.183
https://doi.org/10.1542/peds.75.3.587
https://www.ncbi.nlm.nih.gov/pubmed/3975129
https://doi.org/10.1002/ppul.21554
https://www.ncbi.nlm.nih.gov/pubmed/21901861
https://doi.org/10.1016/j.ijid.2020.05.012
https://doi.org/10.1186/1471-2458-14-1122
https://doi.org/10.1186/s12887-020-1997-2
https://doi.org/10.3390/sinusitis10010009


Sinusitis 2026, 10, 9 26 of 29

158. Alemayehu, M.; Alemu, K.; Sharma, H.R.; Gizaw, Z.; Shibru, A. Household fuel use and acute respiratory infections in children
under five years of age in Gondar city of Ethiopia. J. Environ. Earth Sci. 2014, 4, 77–85.

159. Cai, Y.S.; Gibson, H.; Ramakrishnan, R.; Mamouei, M.; Rahimi, K. Ambient air pollution and respiratory health in Sub-Saharan
African children: A cross-sectional analysis. Int. J. Environ. Res. Public Health 2021, 18, 9729. [CrossRef]

160. Zheng, J.; Yang, X.; Hu, S.; Wang, Y.; Liu, J. Association between short-term exposure to air pollution and respiratory diseases
among children in China: A systematic review and meta-analysis. Int. J. Environ. Health Res. 2022, 32, 2512–2532. [CrossRef]

161. Oh, J.; Lee, S.; Kim, M.H.; Kwag, Y.; Kim, H.S.; Kim, S.; Ye, S.; Ha, E. The impact of PM2.5 on acute otitis media in children
(aged 0–3): A time series study. Environ. Int. 2020, 145, 106133. [CrossRef]

162. Martín Martín, R.; Sánchez Bayle, M. Impact of air pollution in paediatric consultations in primary health care: An ecological
study. An. Pediatr. (Engl. Ed.) 2018, 89, 80–85. [CrossRef] [PubMed]

163. Hajat, S.; Anderson, H.R.; Atkinson, R.W.; Haines, A. Effects of air pollution on general practitioner consultations for upper
respiratory diseases in London. Occup. Environ. Med. 2002, 59, 294–299. [CrossRef] [PubMed]

164. Qiu, H.; Yu, H.; Wang, L.; Zhu, X.; Chen, M.; Zhou, L.; Deng, R.; Zhang, Y.; Pu, X.; Pan, J. The burden of overall and cause-specific
respiratory morbidity due to ambient air pollution in Sichuan Basin, China: A multi-city time-series analysis. Environ. Res. 2018,
167, 428–436. [CrossRef] [PubMed]

165. Yu, L.J.; Li, X.L.; Wang, Y.H.; Zhang, H.Y.; Ruan, S.M.; Jiang, B.G.; Xu, Q.; Sun, Y.S.; Wang, L.P.; Liu, W.; et al. Short-term exposure
to ambient air pollution and influenza: A multicity study in China. Environ. Health Perspect. 2023, 131, 127010. [CrossRef]

166. Li, Y.; Li, C.; Liu, J.; Meng, C.; Xu, C.; Liu, Z.; Wang, Q.; Liu, Y.; Han, J.; Xu, D. An association between PM2.5 and pediatric
respiratory outpatient visits in four Chinese cities. Chemosphere 2021, 280, 130843. [CrossRef]

167. Yang, H.; Yan, C.; Li, M.; Zhao, L.; Long, Z.; Fan, Y.; Zhang, Z.; Chen, R.; Huang, Y.; Lu, C.; et al. Short-term effects of air pollutants
on hospital admissions for respiratory diseases among children: A multi-city time-series study in China. Int. J. Hyg. Environ.
Health 2021, 231, 113638. [CrossRef]

168. Mondal, D.; Paul, P. Effects of indoor pollution on acute respiratory infections among under-five children in India: Evidence from
a nationally representative population-based study. PLoS ONE 2020, 15, e0237611. [CrossRef]

169. Woolley, K.E.; Bagambe, T.; Singh, A.; Avis, W.R.; Kabera, T.; Weldetinsae, A.; Mariga, S.T.; Kirenga, B.; Pope, F.D.; Thomas, G.N.; et al.
Investigating the association between wood and charcoal domestic cooking, respiratory symptoms and acute respiratory infections
among children aged under 5 years in Uganda: A cross-sectional analysis of the 2016 demographic and health survey. Int. J. Environ.
Res. Public Health 2020, 17, 3974. [CrossRef]

170. Rana, J.; Uddin, J.; Peltier, R.; Oulhote, Y. Associations between indoor air pollution and acute respiratory infections among
under-five children in Afghanistan: Do SES and sex matter? Int. J. Environ. Res. Public Health 2019, 16, 2910. [CrossRef]

171. Khan, M.S.B.; Lohano, H.D. Household air pollution from cooking fuel and respiratory health risks for children in Pakistan.
Environ. Sci. Pollut. Res. Int. 2018, 25, 24778–24786. [CrossRef]

172. Xu, H.; Wang, X.; Tian, Y.; Tian, J.; Zeng, Y.; Guo, Y.; Song, F.; Xu, X.; Ni, X.; Feng, G. Short-term exposure to gaseous air pollutants
and daily hospitalizations for acute upper and lower respiratory infections among children from 25 cities in China. Environ. Res.
2022, 212, 113493. [CrossRef]

173. Salvi, S.; Blomberg, A.; Rudell, B.; Kelly, F.; Sandström, T.; Holgate, S.T.; Frew, A. Acute inflammatory responses in the airways
and peripheral blood after short-term exposure to diesel exhaust in healthy human volunteers. Am. J. Respir. Crit. Care Med. 1999,
159, 702–709. [CrossRef] [PubMed]

174. Brook, R.D.; Brook, J.R.; Urch, B.; Vincent, R.; Rajagopalan, S.; Silverman, F. Inhalation of fine particulate air pollution and ozone
causes acute arterial vasoconstriction in healthy adults. Circulation 2002, 105, 1534–1536. [CrossRef] [PubMed]

175. Calderón-Garcidueñas, L.; González-Maciel, A.; Mukherjee, P.S.; Reynoso-Robles, R.; Pérez-Guillé, B.; Gayosso-Chávez, C.;
Torres-Jardón, R.; Cross, J.V.; Ahmed, I.A.M.; Karloukovski, V.V.; et al. Combustion- and friction-derived magnetic air pollution
nanoparticles in human hearts. Environ. Res. 2019, 176, 108567. [CrossRef]

176. Sherenian, M.J.; Biagini, J.M.; Ryan, P.; Khurana Hershey, G.K. What allergists/immunologists can do to limit the effects of air
pollution on asthma and allergies. Ann. Allergy Asthma Immunol. 2024, 132, 421–422. [CrossRef]

177. Zhang, M.; Liang, C.; Chen, X.; Cai, Y.; Cui, L. Interplay between microglia and environmental risk factors in Alzheimer’s disease.
Neural Regen. Res. 2024, 19, 1718–1727. [CrossRef] [PubMed]

178. Mortamais, M.; Gutierrez, L.A.; de Hoogh, K.; Chen, J.; Vienneau, D.; Carrière, I.; Letellier, N.; Helmer, C.; Gabelle, A.;
Mura, T.; et al. Long-term exposure to ambient air pollution and risk of dementia: Results of the prospective Three-City Study.
Environ. Int. 2021, 148, 106376. [CrossRef]

179. Effect of air pollution on the human immune system. Nat. Med. 2022, 28, 2482–2483. [CrossRef]
180. Adami, G.; Pontalti, M.; Cattani, G.; Rossini, M.; Viapiana, O.; Orsolini, G.; Benini, C.; Bertoldo, E.; Fracassi, E.; Gatti, D.; et al.

Association between long-term exposure to air pollution and immune-mediated diseases: A population-based cohort study. RMD
Open 2022, 8, e002055. [CrossRef]

https://doi.org/10.3390/sinusitis10010009

https://doi.org/10.3390/ijerph18189729
https://doi.org/10.1080/09603123.2021.1974822
https://doi.org/10.1016/j.envint.2020.106133
https://doi.org/10.1016/j.anpedi.2017.06.013
https://www.ncbi.nlm.nih.gov/pubmed/28803162
https://doi.org/10.1136/oem.59.5.294
https://www.ncbi.nlm.nih.gov/pubmed/11983844
https://doi.org/10.1016/j.envres.2018.08.011
https://www.ncbi.nlm.nih.gov/pubmed/30121467
https://doi.org/10.1289/EHP12146
https://doi.org/10.1016/j.chemosphere.2021.130843
https://doi.org/10.1016/j.ijheh.2020.113638
https://doi.org/10.1371/journal.pone.0237611
https://doi.org/10.3390/ijerph17113974
https://doi.org/10.3390/ijerph16162910
https://doi.org/10.1007/s11356-018-2513-1
https://doi.org/10.1016/j.envres.2022.113493
https://doi.org/10.1164/ajrccm.159.3.9709083
https://www.ncbi.nlm.nih.gov/pubmed/10051240
https://doi.org/10.1161/01.CIR.0000013838.94747.64
https://www.ncbi.nlm.nih.gov/pubmed/11927516
https://doi.org/10.1016/j.envres.2019.108567
https://doi.org/10.1016/j.anai.2023.11.019
https://doi.org/10.4103/1673-5374.389745
https://www.ncbi.nlm.nih.gov/pubmed/38103237
https://doi.org/10.1016/j.envint.2020.106376
https://doi.org/10.1038/s41591-022-02093-7
https://doi.org/10.1136/rmdopen-2021-002055
https://doi.org/10.3390/sinusitis10010009


Sinusitis 2026, 10, 9 27 of 29

181. Faustini, A.; Renzi, M.; Kirchmayer, U.; Balducci, M.; Davoli, M.; Forastiere, F. Short-term exposure to air pollution might
exacerbate autoimmune diseases. Environ. Epidemiol. 2018, 2, e025. [CrossRef]

182. Rosenberg, K. Air pollution exposure increases risk of autoimmune diseases. Am. J. Nurs. 2022, 122, 62. [CrossRef]
183. Zhao, C.N.; Xu, Z.; Wu, G.C.; Mao, Y.M.; Liu, L.N.; Qian, W.; Dan, Y.L.; Tao, S.S.; Zhang, Q.; Sam, N.B.; et al. Emerging role of air

pollution in autoimmune diseases. Autoimmun. Rev. 2019, 18, 607–614. [CrossRef]
184. Jonidi Jafari, A.; Charkhloo, E.; Pasalari, H. Urban air pollution control policies and strategies: A systematic review. J. Environ.

Health Sci. Eng. 2021, 19, 1911–1940. [CrossRef] [PubMed]
185. Shindell, D.; Faluvegi, G.; Seltzer, K.; Shindell, C. Quantified, localized health benefits of accelerated carbon dioxide emissions

reductions. Nat. Clim. Change 2018, 8, 291–295. [CrossRef] [PubMed]
186. Burns, J.; Boogaard, H.; Polus, S.; Pfadenhauer, L.M.; Rohwer, A.C.; van Erp, A.M.; Turley, R.; Rehfuess, E. Interventions to reduce

ambient particulate matter air pollution and their effect on health. Cochrane Database Syst. Rev. 2019, 5, CD010919. [CrossRef]
[PubMed]

187. Feng, T.; Shi, Y.; Wang, X.; Wan, X.; Mi, Z. Synergies of air pollution control policies: A review. J. Environ. Manag. 2025, 377, 124655.
[CrossRef]

188. Carlsten, C.; Salvi, S.; Wong, G.W.K.; Chung, K.F. Personal strategies to minimise effects of air pollution on respiratory health:
Advice for providers, patients and the public. Eur. Respir. J. 2020, 55, 1902056. [CrossRef]

189. Allen, R.W.; Barn, P. Individual- and household-level interventions to reduce air pollution exposures and health risks: A review
of the recent literature. Curr. Environ. Health Rep. 2020, 7, 424–440. [CrossRef]

190. Laumbach, R.J.; Cromar, K.R.; Adamkiewicz, G.; Carlsten, C.; Charpin, D.; Chan, W.R.; de Nazelle, A.; Forastiere, F.; Goldstein, J.;
Gumy, S.; et al. Personal interventions for reducing exposure and risk for outdoor air pollution: An official American Thoracic
Society workshop report. Ann. Am. Thorac. Soc. 2021, 18, 1435–1443. [CrossRef]

191. Laumbach, R.J.; Cromar, K.R. Personal interventions to reduce exposure to outdoor air pollution. Annu. Rev. Public Health 2022,
43, 293–309. [CrossRef]

192. Mengi, E.; Kara, C.O.; Alptürk, U.; Topuz, B. The effect of face mask usage on allergic rhinitis symptoms in patients with pollen
allergy during the COVID-19 pandemic. Am. J. Otolaryngol. 2022, 43, 103206. [CrossRef] [PubMed]

193. Atta, B.E.; Alanazi, T.F.; Alsayahani, K.A.M.; Al Najar, N.K.; Alyamani, G.M.; Aljasser, O.A.; Ahmad, L.; Aljohani, R.; Al Bensaad,
G.A. The impact of mask-wearing on allergic rhinitis symptoms during the COVID-19 pandemic among the Saudi population: A
cross-sectional study. Cureus 2024, 16, e59937. [CrossRef] [PubMed]

194. Takami, H.; Mitsuhashi, T.; Usuda, D.; Nomura, T.; Sugita, M. Adverse effects of the long-term use of an N95 respirator in
healthcare workers. Juntendo Med. J. 2025, 71, 173–179. [CrossRef] [PubMed]

195. American Academy of Allergy, Asthma & Immunology. The Exposure: A Primer for the Allergist; American Academy of Allergy,
Asthma & Immunology: Milwaukee, WI, USA, 2020.

196. Carrer, P.; Wolkoff, P. Assessment of indoor air quality problems in office-like environments: Role of occupational health services.
Int. J. Environ. Res. Public Health 2018, 15, 741. [CrossRef]

197. World Health Organization. WHO Global Air Quality Guidelines: PM2.5, PM10, Ozone, Nitrogen Dioxide, Sulfur Dioxide, and Carbon
Monoxide; WHO: Geneva, Switzerland, 2021.

198. Naclerio, R.; Ansotegui, I.J.; Bousquet, J.; Canonica, G.W.; D’Amato, G.; Rosario, N.; Pawankar, R.; Peden, D.; Bergmann, K.C.;
Bielory, L.; et al. International expert consensus on the management of allergic rhinitis aggravated by air pollutants: Impact of
air pollution on patients with allergic rhinitis, current knowledge and future strategies. World Allergy Organ. J. 2020, 13, 100106.
[CrossRef]

199. Hellings, P.W.; Steelant, B. Epithelial barriers in allergy and asthma. J. Allergy Clin. Immunol. 2020, 145, 1499–1509. [CrossRef]
200. Derendorf, H.; Meltzer, E.O. Molecular and clinical pharmacology of intranasal corticosteroids: Clinical and therapeutic

implications. Allergy 2008, 63, 1292–1300. [CrossRef]
201. Scadding, G.K.; Kariyawasam, H.H.; Scadding, G.; Mirakian, R.; Buckley, R.J.; Dixon, T.; Durham, S.R.; Farooque, S.; Jones, N.;

Leech, S.; et al. BSACI guideline for the diagnosis and management of allergic and non-allergic rhinitis (revised edition 2017; first
edition 2007). Clin. Exp. Allergy 2017, 47, 856–889. [CrossRef]

202. Cosselman, K.E.; Allen, J.; Jansen, K.L.; Stapleton, P.; Trenga, C.A.; Larson, T.V.; Kaufman, J.D. Acute exposure to traffic-related air
pollution alters antioxidant status in healthy adults. Environ. Res. 2020, 191, 110027. [CrossRef]

203. Abdullah, B.; Abdul Latiff, A.H.; Manuel, A.M.; Mohamed Jamli, F.; Dalip Singh, H.S.; Ismail, I.H.; Jahendran, J.; Saniasiaya, J.;
Keen Woo, K.C.; Khoo, P.C.; et al. Pharmacological management of allergic rhinitis: A consensus statement from the Malaysian
Society of Allergy and Immunology. J. Asthma Allergy. 2022, 15, 983–1003. [CrossRef]

204. Rabago, D.; Zgierska, A.; Mundt, M.; Barrett, B.; Bobula, J.; Maberry, R. Efficacy of daily hypertonic saline nasal irrigation among
patients with sinusitis: A randomized controlled trial. J. Fam. Pract. 2002, 51, 1049–1055.

205. King, D.; Mitchell, B.; Williams, C.P.; Spurling, G.K. Saline nasal irrigation for acute upper respiratory tract infections. Cochrane
Database Syst. Rev. 2015, 4, CD006821. [CrossRef] [PubMed]

https://doi.org/10.3390/sinusitis10010009

https://doi.org/10.1097/EE9.0000000000000025
https://doi.org/10.1097/01.NAJ.0000874136.70163.e6
https://doi.org/10.1016/j.autrev.2018.12.010
https://doi.org/10.1007/s40201-021-00744-4
https://www.ncbi.nlm.nih.gov/pubmed/34900316
https://doi.org/10.1038/s41558-018-0108-y
https://www.ncbi.nlm.nih.gov/pubmed/29623109
https://doi.org/10.1002/14651858.CD010919.pub2
https://www.ncbi.nlm.nih.gov/pubmed/31106396
https://doi.org/10.1016/j.jenvman.2025.124655
https://doi.org/10.1183/13993003.02056-2019
https://doi.org/10.1007/s40572-020-00296-z
https://doi.org/10.1513/AnnalsATS.202104-421ST
https://doi.org/10.1146/annurev-publhealth-052120-103607
https://doi.org/10.1016/j.amjoto.2021.103206
https://www.ncbi.nlm.nih.gov/pubmed/34534761
https://doi.org/10.7759/cureus.59937
https://www.ncbi.nlm.nih.gov/pubmed/38854257
https://doi.org/10.14789/ejmj.JMJ24-0050-OA
https://www.ncbi.nlm.nih.gov/pubmed/40666495
https://doi.org/10.3390/ijerph15040741
https://doi.org/10.1016/j.waojou.2020.100106
https://doi.org/10.1016/j.jaci.2020.04.010
https://doi.org/10.1111/j.1398-9995.2008.01750.x
https://doi.org/10.1111/cea.12953
https://doi.org/10.1016/j.envres.2020.110027
https://doi.org/10.2147/JAA.S374346
https://doi.org/10.1002/14651858.CD006821.pub3
https://www.ncbi.nlm.nih.gov/pubmed/25892369
https://doi.org/10.3390/sinusitis10010009


Sinusitis 2026, 10, 9 28 of 29

206. Head, K.; Snidvongs, K.; Glew, S.; Scadding, G.; Schilder, A.G.; Philpott, C.; Hopkins, C. Saline irrigation for allergic rhinitis.
Cochrane Database Syst. Rev. 2018, 6, CD012597. [CrossRef] [PubMed]

207. Hermelingmeier, K.E.; Weber, R.K.; Hellmich, M.; Heubach, C.P.; Mösges, R. Nasal irrigation as an adjunctive treatment in allergic
rhinitis: A systematic review and meta-analysis. Am. J. Rhinol. Allergy 2012, 26, e119–e125. [CrossRef]

208. Elgamal, Z.; Singh, P.; Geraghty, P. The upper airway microbiota, environmental exposures, inflammation, and disease. Medicina
2021, 57, 823. [CrossRef] [PubMed]

209. Brożek-Mądry, E.; Ziuzia-Januszewska, L.; Misztal, O.; Burska, Z.; Sosnowska-Turek, E.; Sierdziński, J. Nasal rinsing with
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