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Environmental Determinants of Respiratory Diseases: Current Evidence and Preventive Strategies
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Abstract

The deterioration of ambient air quality worldwide has intensified the need to examine the
environmental factors associated with the growing burden of respiratory disease. This study aimed
to identify broad patterns in the adverse effects of environmental exposures on the respiratory
system, while accounting for regional variation and population-specific vulnerability. A systematic
literature review was conducted between April and December 2024 using four international
databases: PubMed, Web of Science, Scopus, and Google Scholar. Seventy-one relevant publications
were included in the final analysis. The findings indicate that, in India, concentrations of particulate
matter with aerodynamic diameters of up to 10 um (PMyo) and 2.5 um (PM,.s) exceed recommended
limits by a factor of 2.56. In Northern Thailand, reductions of 5.3%—34.3% in particulate matter
concentrations were associated with significant declines in hospitalization rates. In China and South
Africa, pollutant levels substantially exceed the World Health Organization guideline of 5 pg/m3,
while national standards in some settings permit concentrations of up to 40 pg/m3, thereby
increasing the risk of chronic inflammatory respiratory conditions. In Bogotd, Colombia, heavy traffic
contributes to increased morbidity and mortality from respiratory complications. In Kyrgyzstan,
seasonal variation and changes in vegetation patterns have been linked to a rise in allergic reactions,
whereas in Slovakia, prolonged pollen seasons are associated with a higher prevalence of bronchial
asthma. Children, particularly those under 5 years of age, older adults, and industrial workers were
identified as the most vulnerable groups. Climate change further aggravates these risks by
intensifying exposure to fine particulate matter and gaseous pollutants. The findings underscore the

need for integrated policies focused on emission reduction, environmental monitoring, public
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awareness, and the harmonization of air-quality standards. The study provides evidence that may
support cross-sectoral planning and the development of preventive strategies aimed at reducing

the burden of acute and chronic respiratory disease.

Keywords: air pollution; air quality; environmental monitoring; fine particulate matter; respiratory

inflammation.

Influencias ambientales en el desarrollo de enfermedades respiratorias: enfoques actuales

para la prevencion
Resumen

El deterioro de la calidad del aire ambiental a nivel mundial exige la investigacidon de los factores
gue contribuyen al aumento de las patologias respiratorias en la poblacion. El objetivo de este
estudio fue identificar patrones generalizados de los efectos adversos de diversos factores
ambientales en el sistema respiratorio, considerando las especificidades regionales y los grupos de
riesgo. Se realizé un analisis sistematico de la literatura entre abril y diciembre de 2024 utilizando
cuatro bases de datos internacionales (PubMed, Web of Science, Scopus y Google Scholar), lo que
resultd en la seleccion de 71 publicaciones relevantes. Los hallazgos revelan que en la India, los
niveles de material particulado con didmetros de hasta 10 y 2,5 micras superan los estandares
recomendados en 2,56 veces, mientras que en el norte de Tailandia, una reduccion del 5,3-34,3 %
en estos indicadores disminuyé significativamente las tasas de hospitalizacidn. En China y Sudafrica,
las concentraciones de contaminantes superan considerablemente los cinco microgramos por
metro cubico recomendados por la Organizacién Mundial de la Salud, ya que las normas locales en
algunos casos permiten limites de hasta cuarenta microgramos, lo que aumenta el riesgo de
enfermedades inflamatorias crénicas. El andlisis también confirmd que en la capital de Colombia, el
trafico intenso contribuye a una mayor morbilidad y mortalidad por complicaciones respiratorias,
mientras que en Kirguistan, los cambios estacionales y los patrones alterados de la vegetacion han
provocado un aumento de las reacciones alérgicas. En Eslovaquia, la prolongada temporada de
polen se asocia con un aumento de los casos de asma bronquial. Las poblaciones mds vulnerables
incluyen a los nifios (especialmente los menores de 5 afos), los ancianos y los trabajadores

industriales. Los cambios climaticos exacerban estas tendencias al amplificar los efectos de las

particulas finas y los contaminantes gaseosos. Se concluye que las politicas integrales dirigidas a la
reduccion de emisiones y a la sensibilizaciéon publica pueden aliviar la carga de los trastornos

respiratorios agudos y crénicos. La importancia practica del estudio radica en la aplicabilidad de los
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patrones identificados para la planificacidn intersectorial de medidas preventivas y la armonizacion

de las normas ambientales.

Palabras clave: Contaminacién; Monitoreo; Calidad Del Aire; Particulas Finas; Respuestas

Inflamatorias.

Introduction

The growing burden of respiratory diseases, together with the progressive deterioration of
environmental conditions worldwide, has intensified interest in understanding how environmental
exposures affect respiratory health. Air pollution, rapid urbanization, industrial expansion, and
climate change have contributed to the increasing prevalence of acute and chronic respiratory
conditions, placing substantial medical, social, and economic pressure on healthcare systems.
Consequently, developing evidence-based preventive strategies has become a public health priority,
particularly for protecting vulnerable populations through interdisciplinary approaches that

integrate environmental and health perspectives.

Recent research has increasingly examined the links between environmental change and respiratory
disease, demonstrating that worsening air quality and climate variability substantially influence

respiratory health outcomes.

Savouré et al. (2023) investigated the influence of environmental exposures on respiratory health
throughout the life course. Drawing on several large European cohort studies, they showed that
industrial activity, urbanization, and pollutants such as phthalates and fine particulate matter have
profound effects on lung function and respiratory health. Their findings further suggest that
effective air pollution control policies can substantially reduce the incidence of chronic respiratory

diseases.

Similarly, Xu et al. (2025) identified multiple environmental drivers—including increasing air
pollution, temperature anomalies, dust storms, wildfires, and elevated allergen concentrations—as
important contributors to chronic respiratory diseases such as chronic obstructive pulmonary
disease (COPD) and asthma. The authors highlighted older adults, children, socioeconomically
disadvantaged populations, and communities with limited adaptive capacity as particularly

vulnerable. Although they proposed several adaptive strategies, including co-benefit policies, public
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awareness initiatives, and international collaboration, they also emphasized that the long-term
mechanisms through which climate change affects respiratory health remain insufficiently

understood.

Alsharif et al. (2024) likewise examined the global challenges posed by environmental degradation
and the increasing burden of respiratory disease. Their review identified strong associations
between air pollution, climate change, deforestation, rising atmospheric carbon dioxide
concentrations, and the growing prevalence of asthma and COPD. They emphasized the
disproportionate impact on vulnerable groups—including children, older adults, and individuals
with pre-existing chronic conditions—and advocated coordinated policy interventions,

strengthened healthcare infrastructure, and climate adaptation strategies.

Beyond clinical outcomes, environmental respiratory diseases also impose considerable
socioeconomic costs. KoZenad et al. (2023) examined their economicimpact on businesses in Slovakia
and found that workplace health promotion and prevention programs can significantly reduce
employee morbidity. However, many organizations lack systematic disease surveillance and have

yet to exploit the potential of artificial intelligence for predicting respiratory illnesses.

Rodrigues et al. (2023) explored how air quality influences the travel decisions of individuals with
respiratory diseases. Their findings indicate that tourists with asthma or COPD preferentially select
destinations with cleaner air, adopt protective measures, and reduce physical activity during periods
of poor air quality. Nevertheless, the study paid limited attention to the economic consequences of

air pollution for the tourism industry.

At the global level, Achakulwisut et al. (2019) estimated the number of childhood asthma cases
attributable to nitrogen dioxide (NO,), a major traffic-related air pollutant. Their analysis suggested
that approximately four million new childhood asthma cases occur annually as a result of NO,
exposure, with nearly two-thirds occurring in urban areas. In some megacities, such as Shanghai,
traffic-related pollution accounted for nearly half of all new childhood asthma cases. The authors
concluded that substantial reductions in asthma incidence could be achieved through improved air
quality, although they noted that NO, may act as a proxy for broader mixtures of traffic-related

pollutants rather than as the sole causal agent.

Technological innovations have also emerged as promising tools for prevention. Polychronidou et

al. (2019) developed an automated sensor system capable of continuously monitoring air pollution
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and predicting its potential effects on respiratory health. Such systems may support environmental
policymaking while enabling individuals with chronic respiratory diseases to make informed
decisions regarding exposure. However, the study did not assess the economic feasibility of
implementing this technology in low-resource settings or address potential barriers to large-scale

adoption.

Occupational exposure remains another major environmental determinant of respiratory disease.
Vlahovich and Sood (2021) reviewed occupational lung diseases (OLDs), emphasizing that many
cases remain underdiagnosed because occupational exposures are frequently overlooked during
clinical assessment. As a result, conditions such as occupational asthma and chronic bronchitis may
be misclassified, delaying appropriate preventive interventions. The authors called for greater
physician awareness, more comprehensive occupational history-taking, stronger regulatory
enforcement, particularly in developing countries, and further research into the genetic and

epigenetic mechanisms underlying occupational respiratory diseases.

Despite the growing body of evidence, important knowledge gaps remain regarding the integration
of environmental, biological, technological, and socioeconomic factors into comprehensive
prevention strategies. Most studies focus on specific pollutants, diseases, or geographic contexts,
whereas fewer provide an integrated assessment of environmental determinants across diverse

populations and settings.

Accordingly, this study aims to synthesize current scientific evidence on the relationship between
environmental factors and respiratory diseases in order to identify effective prevention strategies
in the context of escalating environmental challenges. Specifically, the study seeks to: (1) identify
the environmental determinants most strongly associated with acute and chronic respiratory
diseases across different demographic, social, and geographic populations; (2) examine the
pathophysiological mechanisms through which major pollutants and allergens affect the respiratory
system, including molecular, immunological, and epigenetic pathways; and (3) evaluate the
effectiveness of current technological, pharmacological, and socioeconomic interventions for
preventing environmentally related respiratory diseases at the individual, community, and

population levels.
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Materials and Methods

This study was conducted as a systematic literature review to identify recurring patterns in the
effects of environmental pollutants on respiratory health. The review was carried out between April
and December 2024, encompassing the identification, screening, and analysis of relevant scientific

publications.

The literature search was performed using four major electronic databases: PubMed, Web of
Science, Scopus, and Google Scholar. Search terms included combinations of the following
keywords: air pollution, respiratory diseases, environmental pollutants, PM2.5, PM10, NO,, SO,, O3,
CO, air quality, biomass burning, lung function, and risk factors. The search strategy was adapted to

the indexing requirements of each database to maximize retrieval of relevant studies.

All references were imported into EndNote (Version 20.2), which was used for citation management,
duplicate removal, and organization of the study database. Records were imported in RIS or XML
formats and automatically screened to identify duplicate entries. Sources were subsequently
organized according to keywords, journal titles, and first authors to facilitate thematic classification.
EndNote's advanced search, tagging, annotation, and Smart Groups functions were used to support

the screening process, categorize publications, and manage references throughout the review.

Studies were included if they: (1) investigated the effects of environmental pollutants—particularly
particulate matter and gaseous pollutants—on respiratory health; (2) reported qualitative or
guantitative outcomes, including pollutant concentrations, disease prevalence, severity, or
respiratory function, while considering demographic or occupational characteristics; and (3) clearly

described their methodological procedures and employed recognized statistical analyses.

Studies were excluded if they: (1) lacked statistically supported evidence of associations between
environmental exposures and respiratory diseases; (2) provided insufficient methodological or
population information; (3) were duplicate publications or did not present original findings; or (4)

did not focus primarily on respiratory diseases.

The study selection process followed the Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA 2020) guidelines (Page et al., 2021). After duplicate removal, titles and
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abstracts were screened against the eligibility criteria, followed by full-text assessment of

potentially relevant studies. The complete selection process is summarized in Figure 1.

Figure 1. PRISMA 2020 flow diagram illustrating the study selection process.

Full-text articles excluded (n
=119)
Reason: Inadequate study *Studies included in the
design or insufficient systematic review (n = 71)
representativeness of the
study population

Records identified
through database
searching (n = 567)

*Duplicate and ineligible
records removed before
screening (n = 145)

*Full-text articles assessed for
eligibility (n = 190)

*Records excluded (n = 232)
Reason: Insufficient
methodological description or
incomplete reporting of
results

*Records screened by title
and abstract (n = 422)

Note. Created by the authors based on the PRISMA 2020 guidelines.

At the data synthesis stage, the selected studies were evaluated following the methodological
principles of the PRISMA 2020 guidelines. Information on study design (e.g., observational,
randomized, and retrospective studies), participant characteristics, statistical methods, and
methodological quality was systematically extracted and compared. Studies were further classified
according to the type of environmental pollutant investigated, geographic setting, and population

characteristics to facilitate cross-study comparisons.

A qualitative content analysis was conducted to identify recurring patterns and emerging themes.
When studies reported comparable quantitative outcomes, additional descriptive syntheses of

cumulative effects were performed using specialized statistical software.
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The final corpus of 71 studies provided a comprehensive evidence base for identifying consistent
patterns in the relationship between environmental pollutants and respiratory health across
different geographical regions and population groups. Integrating findings from diverse study
designs enabled a broader understanding of the magnitude and determinants of environmentally
related respiratory diseases and informed evidence-based recommendations for their prevention

and mitigation.

Results and Discussion
Environmental pollutants and their impact on respiratory health across populations

The evidence consistently identifies fine particulate matter (PM,.s and PMyo), nitrogen dioxide
(NO,), sulfur dioxide (S0,), ozone (0s), and carbon monoxide (CO) as the principal environmental
pollutants associated with adverse respiratory outcomes. These pollutants are especially prevalent
in highly urbanized regions of Asia (India, China, and Thailand), Latin America (e.g., Bogot3,
Colombia), and Africa (South Africa), where vehicle emissions, industrial activity, biomass burning,
and power generation constitute their primary sources. For example, Ingabire and Nkundabose
(2020) reported that PMio and PM,.s concentrations in India exceed regulatory limits by a factor of
2.56, resulting in measurable declines in lung function among university students chronically
exposed to polluted air. Similarly, Molina-Gémez et al. (2021) found that densely populated areas
of Bogotd with elevated PM,.s and NO, concentrations exhibit higher mortality rates from

respiratory diseases.

Pollutant concentrations also display marked regional variability. In northern Thailand, PM,.s and
PMio levels peak between January and April, coinciding with increased mortality from chronic
obstructive pulmonary disease (COPD) (Sapbamrer et al., 2024). In China, concentrations of both
particulate fractions frequently exceed national air quality standards, contributing to higher
hospitalization rates, particularly among children and older adults (Dong, 2024). Likewise, Novela et
al. (2020) reported PM,.5s concentrations in South Africa that exceeded World Health Organization

(WHO) recommendations severalfold, primarily because of industrial emissions and vehicular traffic.

Air quality standards also vary considerably across countries. The WHO recommends an annual
mean PM,.5s concentration of no more than 5 pg/m?3, whereas countries such as India and South

Africa permit annual concentrations of up to 40 pg/m3 (World Health Organization, 2021). Even
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modest exceedances of recommended thresholds have been associated with increased risks of
asthma and COPD (Han et al., 2022). Conversely, environmental interventions can yield measurable
health benefits. In northern Thailand, seasonal restrictions on biomass burning reduced PMyo
concentrations by 5.3—34.3 %, accompanied by a significant decline in hospital admissions for

respiratory diseases (Uttajug et al., 2022).

Susceptibility to pollution-related respiratory diseases is strongly influenced by demographic and
socioeconomic factors (Cortes-Ramirez et al., 2021). Children constitute one of the most vulnerable
populations because of the ongoing development of their respiratory system and their higher
metabolic rates. Cortes-Ramirez et al. (2021) further showed that children from socioeconomically
disadvantaged households are disproportionately exposed to indoor biomass combustion,
secondhand tobacco smoke, and aeroallergens, increasing their risk of asthma, allergic rhinitis, and

respiratory infections.

Older adults are likewise particularly susceptible because of age-related declines in pulmonary
function, impaired immune responses, and the presence of multiple chronic conditions. Morty and
Prakash (2019) demonstrated that cellular senescence and reduced tissue repair capacity increase
vulnerability to chronic respiratory diseases such as COPD and asthma. Exposure to PM,.s further

elevates the risk of severe complications and premature mortality in this population.

Occupational exposure represents another important risk factor. Workers routinely exposed to
dust, toxic gases, and industrial chemicals experience substantially higher rates of respiratory
disease (Balabayev et al., 2025; llderbayeva et al., 2024a). Duan et al. (2020) reported that patients
with COPD exposed to biomass smoke or industrial emissions exhibited significantly poorer lung
function and faster disease progression than those exposed exclusively to tobacco smoke. Similar
findings were reported by D’Ovidio et al. (2023), who identified occupational exposure to dust,
gases, and fumes as a major contributor to asthma and COPD, particularly under conditions of

climate change.

Comparisons between urban and rural environments reveal distinct pollution profiles and
associated health risks. Urban areas are primarily affected by vehicle emissions, industrial activities,
and secondary aerosols, whereas rural environments are more heavily influenced by biomass
burning and windborne particulate matter (Dyomin et al., 2021; Pilecka et al., 2017). Dong (2024)
demonstrated that PM,.s, PMio, NO,, SO,, and CO were all significantly associated with

hospitalizations for acute respiratory diseases in China. Interestingly, particulate matter exerted
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stronger effects in rural areas, whereas NO, and CO had greater impacts in urban environments

because of traffic-related emissions.

Comparable patterns have been reported elsewhere. In Catalonia, reductions in NO, and PMo
concentrations during the COVID-19 lockdown were accompanied by substantial declines in hospital
admissions for respiratory diseases. However, ozone concentrations increased because of reduced
NO, emissions, potentially contributing to asthma exacerbations and other chronic respiratory
conditions (Gorrochategui et al., 2022). Similarly, Komarudin et al. (2024) found that seasonal
increases in PM,.s and PM,, during Indonesia's dry season coincided with higher rates of acute
respiratory infections. Although Os;, NO,, and SO, also exhibited seasonal variation, particulate
matter remained the predominant risk factor in rural communities, while multiple pollutants

contributed to disease burden in urban centers.

Evidence from Spain further highlights the need for geographically tailored mitigation strategies.
Jaén et al. (2021) showed that transportation-related NO, and PM;, dominate urban pollution,
whereas biomass combustion is the principal source of air pollution in rural areas. Their toxicological
analyses demonstrated that emissions from biomass burning induced stronger inflammatory
responses in lung tissue than traffic-related pollutants, underscoring the importance of developing

differentiated pollution-control policies for urban and rural environments.

Overall, the reviewed evidence demonstrates that the respiratory health impacts of environmental
pollution vary according to pollutant type, emission source, geographic context, and population
characteristics. Urban populations are predominantly affected by traffic- and industry-related
pollutants such as NO, and PM,o, whereas biomass burning and coarse particulate matter constitute
the principal threats in rural settings. These findings emphasize the need for region-specific
environmental policies and targeted public health interventions to reduce the burden of respiratory

diseases.

Table 1 presents a comparative overview of the principal environmental pollutants, their
concentrations, mechanisms of respiratory toxicity, and the associated health outcomes reported

in the literature.

Table 1. Comparative analysis of the main environmental pollutants and their documented impact

on the health of the respiratory system
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Exposure
threshold
] Principal pathophysiological ||Major respiratory health| Evidence
Pollutant associated .
. mechanisms effects level
with increased
health risk
Oxidative stress, airway Asthma exacerbation,
PM,.s (Fine epithelial inflammation, COPD, lung cancer,
zs (Fine 1, o¢ ig/m? (24" g & . .
particulate impaired mucociliary reduced lung function, ||High
h average) )
matter) clearance, and alveolar- and recurrent respiratory
capillary dysfunction infections
PMso Airway mucosal irritation, Rhinitis, bronchitis,
(Coarse >150 pug/m3 impaired mucociliary asthma exacerbation, Hich
particulate |(|(24-h average) ||clearance, and upper airway ||persistent cough, and &
matter) inflammation respiratory infections
Increased pro-inflammatory [|Asthma onset and
NO, 253 ppb cytokine production, exacerbation, COPD
(Nitrogen (annual bronchial epithelial injury, progression, and High
dioxide) average) and airway increased susceptibility
hyperresponsiveness to respiratory infections
Bronchoconstriction Asthma and COPD
SO, (Sulfur |>75 ppb (1-h . - exacerbation, acute .
L neurogenic inflammation, . High
dioxide) average) . o bronchitis, and
and airway mucosal irritation
bronchospasm
Reduced pulmonary
Lipid peroxidation, surfactant ||function, asthma
>70ppb (8-h |0 P ) > .
Os (Ozone) damage, and airway exacerbation, airway High
average) o . o .
epithelial inflammation irritation, and chronic
bronchitis
Tissue hypoxia, dyspnea,
Carboxyhemoglobin and worsening of
CO (Carbon ||>9 ppm (8-h y g. . . & .
. formation and impaired respiratory symptoms in ||Moderate
monoxide) ||average) . . ) .
oxygen delivery to tissues patients with
cardiopulmonary disease
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Note. Compiled by the authors based on United States Environmental Protection Agency (2024),
Wallbanks et al. (2024).

Climate change is profoundly reshaping the prevalence and severity of respiratory diseases,
particularly among vulnerable populations. Rising average temperatures, more frequent extreme
weather events, and shifts in pollen seasons collectively influence respiratory health through
multiple interacting pathways. Higher temperatures and elevated ozone concentrations intensify
airway inflammation, exacerbating chronic respiratory conditions such as asthma and chronic
obstructive pulmonary disease (COPD) (Bayram et al., 2023). Likewise, increased concentrations of
aeroallergens—including pollen and fungal spores—have been associated with higher rates of

allergic rhinitis and bronchial asthma, particularly among children (D’Amato et al., 2020).

Extreme weather events further amplify respiratory risks by degrading air quality. Wildfires
substantially increase concentrations of fine particulate matter (PM,.s), which penetrates deep into
the respiratory tract, triggering inflammatory responses and increasing hospital admissions among
patients with COPD and asthma (Covert et al., 2023). Similarly, storms and heavy rainfall elevate
indoor humidity, creating favorable conditions for fungal proliferation and consequently increasing
the frequency of asthma attacks and allergic exacerbations (Paoletti et al., 2023). Rising atmospheric
CO, concentrations and prolonged growing seasons also enhance pollen production and
allergenicity, extending the duration of pollen seasons and worsening symptoms among individuals
with seasonal allergic diseases (Melnychaiko & Andreychyn, 2023). Recent evidence further
suggests that contemporary pollen grains contain higher concentrations of allergenic proteins,

increasing their capacity to trigger immune responses in sensitized individuals (Malik et al., 2024).

The health impacts of climate change vary considerably across regions, reflecting differences in
environmental conditions, adaptation capacity, and healthcare infrastructure. In Kyrgyzstan,
increasing temperatures are expected to alter vegetation patterns and expand the distribution of
highly allergenic plants such as ragweed, thereby increasing the prevalence of seasonal allergic
diseases. Desertification-related dust storms further contribute to respiratory infections. In
Slovakia, warmer temperatures have lengthened the pollen seasons of birch and grass species,
placing additional pressure on healthcare services through increased cases of allergic rhinitis and

asthma (D’Amato et al., 2020).

These findings underscore the need for comprehensive adaptation strategies that integrate

continuous air quality monitoring, pollen forecasting systems, and targeted healthcare
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interventions for vulnerable populations. Simultaneously, reducing greenhouse gas emissions and
strengthening air pollution control policies remain fundamental to mitigating the respiratory health

impacts of climate change (Shahini & Shahini, 2025; Valujeva et al., 2024).
Pathophysiological Mechanisms Underlying Pollution-Induced Respiratory Damage

Exposure to particulate matter (PM) and gaseous pollutants initiates a complex cascade of cellular
and molecular events characterized by oxidative stress, chronic inflammation, and structural
damage to the airway epithelium. Pulmonary epithelial cells and alveolar macrophages constitute
the primary cellular targets, responding to pollutant exposure through activation of pro-oxidant

signaling pathways, inflammasomes, and apoptotic and necrotic processes.

One of the principal mechanisms associated with exposure to PM;o and PM,.s is oxidative stress,
resulting from excessive production of reactive oxygen species (ROS) within epithelial cells and
macrophages (Valacchi et al., 2020). Elevated ROS levels activate the nuclear factor erythroid 2—
related factor 2 (Nrf2), which regulates antioxidant defenses by controlling the expression of
enzymes such as glutathione peroxidase (GPx) and superoxide dismutase (SOD). Under sustained
pollutant exposure, however, these protective mechanisms become overwhelmed, leading to
mitochondrial dysfunction, lipid peroxidation, membrane damage, and DNA injury (Radan et al.,

2019).

At the same time, PM,.s activates NF-kB signaling pathways, stimulating the release of pro-
inflammatory cytokines, including interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis
factor-alpha (TNF-a), thereby sustaining chronic airway inflammation (Xu et al., 2020). Experimental
studies using human airway epithelial models—including BEAS-2B cells and advanced air-liquid
interface (ALI) systems—have provided compelling evidence of these pathological processes. Zhou
et al. (2019), for example, demonstrated that PM,.s exposure disrupts normal cell-cycle regulation,
induces apoptosis through activation of caspase-mediated pathways, and compromises epithelial
barrier integrity by disrupting tight junction proteins. These alterations increase epithelial
permeability, facilitating deeper penetration of pollutants and amplifying inflammatory responses.
Particulate matter also activates mitogen-activated protein kinase (MAPK) signaling, inducing
cyclooxygenase-2 (COX-2) expression and prostaglandin E, (PGE,) production, thereby further

reinforcing inflammatory cascades (Fernando et al., 2019).
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These molecular mechanisms are reflected in epidemiological observations across different
countries. In Bishkek (Kyrgyzstan), where coal combustion and industrial emissions frequently
elevate PM,.s and PM; concentrations beyond WHO guidelines, respiratory diseases such as asthma
and COPD have become increasingly prevalent. Similarly, in Slovakia, traffic emissions and coal-
based energy production contribute to elevated concentrations of nitrogen dioxide (NO,) and
particulate matter, which have been associated with increased respiratory infections and more

frequent asthma exacerbations (de Oliveira et al., 2021).

Environmental pollutants also exert profound effects on the immune system by disrupting both
innate and adaptive immune responses, thereby increasing susceptibility to hypersensitivity
reactions and autoimmune disorders (Hussain et al., 2022; Turmagambetova et al., 2017b). Inhaled
particles and gaseous pollutants activate macrophages, dendritic cells, and airway epithelial cells
through Toll-like receptors (TLRs) and damage-associated molecular pattern (DAMP) receptors.
These signaling pathways activate NF-kB, promoting sustained production of pro-inflammatory
cytokines such as IL-6 and TNF-a and contributing to chronic airway inflammation (Beerweiler et al.,

2023).

Pollutants also influence adaptive immunity by altering the balance among T-helper cell subsets.
Fine particulate matter favors a Th2-dominant immune response, thereby promoting allergic
diseases such as asthma, whereas dysregulated Th17 responses may contribute to autoimmune
processes through excessive production of interleukin-17 (IL-17), leading to neutrophilic

inflammation and tissue damage (Glencross et al., 2020).

An additional mechanism involves the development of hypersensitivity pneumonitis (HP), an
immune-mediated disease resulting from prolonged exposure to organic and inorganic aerosols
(Qasimov et al., 2009; Turmagambetova et al., 2017a). Airborne antigens activate dendritic cells,
which present them via major histocompatibility complex (MHC) molecules to CD4* T lymphocytes,
stimulating IgG production and inflammatory infiltrates within lung tissue (Vasakova et al., 2019).
Chronic pollutant exposure may also impair immune tolerance and promote autoimmunity. Under
persistent inflammatory conditions, antimicrobial peptides (AMPs), normally involved in host
defense, may instead activate dendritic cells and promote autoantibody production, thereby
contributing to diseases such as systemic lupus erythematosus and rheumatoid arthritis (Liang &

Diana, 2020).
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Individual susceptibility to environmentally induced respiratory disease is further influenced by
genetic polymorphisms and epigenetic modifications. De Souza et al. (2020) demonstrated that
variants in genes involved in xenobiotic metabolism, inflammatory regulation, and DNA repair—
including CYP1A1 and XRCC4—significantly modify susceptibility to chronic respiratory diseases
among workers exposed to coal dust. Carriers of specific alleles exhibited greater DNA

hypomethylation and consequently experienced more severe pollutant-induced cellular damage.

DNA methylation has emerged as one of the most important epigenetic mechanisms linking
environmental exposures to respiratory disease. Patients with asthma exhibit altered methylation
patterns in regulatory regions controlling inflammatory genes, and environmental exposures—
including air pollution and tobacco smoke—can further modify these patterns, increasing
expression of pro-inflammatory mediators and enhancing airway hyperresponsiveness (Bae et al.,
2020). Experimental evidence also suggests that these epigenetic effects may extend across
generations. Lebold et al. (2023) demonstrated in a murine model that maternal exposure to house
dust mite allergens during pregnancy altered DNA methylation in offspring, increasing their

susceptibility to airway hyperresponsiveness and asthma.

Beyond DNA methylation, post-translational histone modifications also play an important role in
mediating individual susceptibility to environmental exposures. Formaldehyde exposure, for
example, has been shown to induce epigenetic alterations in the HTR4 gene, which has been
implicated in the pathogenesis of COPD. Increased HTR4 expression resulting from these epigenetic
modifications may enhance inflammatory responses to inhaled pollutants, as demonstrated in both
in vitro and animal studies (Tian et al.,, 2022). Taken together, these findings indicate that
susceptibility to pollution-induced respiratory injury results from the complex interaction between
genetic predisposition and epigenetic regulation. Variations in genes involved in detoxification,
inflammatory signaling, and DNA repair increase the risk of pulmonary damage, whereas epigenetic
mechanisms—including DNA methylation and histone modifications—shape the long-term

biological consequences of pollutant exposure and may even be transmitted across generations.

Exposure, effect, and susceptibility biomarkers have emerged as valuable tools for the early
detection of environmentally induced respiratory diseases and for developing personalized
prevention strategies. Results from the Household Air Pollution Intervention Network (HAPIN) Trial
identified urinary metabolites of polycyclic aromatic hydrocarbons (PAHs), volatile organic

compounds (VOCs), and metals as reliable biomarkers of pollutant exposure. These biomarkers
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correlate closely with household air pollution and provide valuable information on both recent

exposure and its long-term respiratory consequences (Barr et al., 2020).

Biomarkers of biological effect enable the assessment of physiological and pathological responses
to environmental pollution (Bakalets et al., 2023; llderbayeva et al., 2024b). A systematic review of
particulate matter exposure identified serum and sputum concentrations of IL-6, IL-8, and TNF-a as
particularly informative inflammatory biomarkers. Elevated levels of these cytokines were
consistently associated with PM,.s exposure and COPD progression, highlighting their usefulness for
monitoring disease severity and predicting exacerbation risk (Kim et al.,, 2023). Likewise,
susceptibility biomarkers—including genetic and epigenetic indicators—provide important insights
into individual vulnerability (Zotaj et al., 2024). Advances in transcriptomics and epigenomics now
make it possible to characterize gene expression changes induced by air pollution with increasing

precision.

Integrating biomonitoring with genetic and epigenetic profiling offers considerable potential for
personalized prevention of respiratory diseases. For example, measuring fractional exhaled nitric
oxide (FeNO) as a biomarker of airway inflammation enables the early detection of oxidative stress
among workers exposed to engineered nanomaterials. Such monitoring facilitates timely
interventions, including modifications of occupational exposure and individualized preventive
healthcare strategies (Lavicoli et al., 2020). Collectively, validated exposure, effect, and
susceptibility biomarkers provide the foundation for early diagnosis, individualized monitoring, and

precision-based prevention of environmentally related respiratory diseases.
Evidence-Based Strategies for Preventing Environmentally Induced Respiratory Diseases

Controlled intervention studies consistently demonstrate that individual protective measures—
including personal respiratory protection, indoor air quality management, and behavioral

modifications—can substantially reduce exposure to environmental pollutants.

Among personal protective measures, high-efficiency respirators (N95, FFP2, and FFP3) have proven
effective in reducing inhalation of fine particulate matter (PM,.5) and gaseous pollutants. Janjua et
al. (2021) reported that these respirators significantly reduce particle penetration into the
respiratory tract, although their long-term health benefits require further investigation. Similarly,

Niu et al. (2022) found that respiratory protection improves cardiopulmonary function among young
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adults, although its effectiveness varies according to urban environmental conditions and pollutant

concentrations.

Indoor air quality interventions have likewise demonstrated promising results. The CLEAN AIR study
showed that high-efficiency particulate air (HEPA) filtration substantially reduces indoor PM;.s
concentrations, resulting in improved respiratory symptoms among patients with chronic
respiratory diseases (Woo et al., 2023). Mcintyre et al. (2024) similarly reported clinical benefits of
portable air purifiers, particularly among individuals with asthma. However, a systematic review by
Park et al. (2021) concluded that although HEPA filtration consistently improves peak expiratory
flow, its effects on overall respiratory symptoms and forced expiratory volume in one second (FEV,)

remain inconsistent.

Behavioral interventions also play a critical role in minimizing exposure. Kang et al. (2021)
demonstrated that regular monitoring of air quality, appropriate ventilation, indoor air purification,
and avoiding outdoor activities during periods of elevated pollution significantly reduce COPD
exacerbations. Likewise, Laumbach et al. (2021) found that combining behavioral adaptations with
indoor air purification technologies represents one of the most effective strategies for reducing
individual exposure to environmental pollutants. Overall, current evidence supports a
comprehensive preventive approach that integrates high-quality respiratory protection, effective

indoor air filtration, and adaptive behavioral practices.

Environmental monitoring systems, early warning networks, and public health communication
strategies have become essential components of respiratory disease prevention. Recent
implementation studies demonstrate that integrating these approaches into healthcare systems
enhances risk detection while facilitating timely preventive interventions that reduce disease

burden (Bhowmik & Most, 2022; Flavian et al., 2023; Hahm & Yoon, 2021).

One of the most promising developments is the application of Internet of Things (loT) technologies
for continuous air quality monitoring. In mining regions, sensor networks capable of measuring
PM,.s, PMyg, CO, NO,, and SO, in real time have enabled automated Air Quality Index (AQl) systems
that generate public alerts and behavioral recommendations. These systems not only help
individuals minimize exposure but also support governmental decision-making by informing

environmental policies and public health adaptation strategies (Flavian et al., 2023).
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Machine learning has further expanded these capabilities by enabling personalized forecasting of
exacerbations in chronic respiratory diseases. Spatiotemporal predictive models integrate
environmental monitoring data with historical clinical records to estimate individual risks of asthma
and COPD exacerbations in real time. Early warnings allow patients to implement preventive
measures before symptom deterioration, thereby reducing hospital admissions and healthcare

costs (Bhowmik & Most, 2022).

Evidence from South Korea further demonstrates the effectiveness of public alert systems. Wireless
Emergency Alerts (WEA) reduced new respiratory disease cases by 16.4%, whereas conventional Air
Quality Information Text (AIT) messaging achieved only a 2.8% reduction, emphasizing the
importance of rapid, accessible, and clearly communicated public health information (Hahm & Yoon,

2021).

Environmental education also represents a fundamental preventive strategy. Educational
interventions incorporated into pulmonary rehabilitation programs improve patients' ability to
adapt their daily activities according to pollution levels, resulting in better disease control, fewer
exacerbations, and reduced medication use (Souto-Miranda et al., 2020). At the population level,
integrated monitoring initiatives such as those implemented by the China CDC combine air quality
data, meteorological information, and climate forecasts to anticipate environmental health risks

and coordinate healthcare responses during pollution episodes (Sun et al., 2023).

Taken together, loT-based monitoring, predictive analytics, and effective communication strategies
substantially strengthen the capacity of healthcare systems to anticipate and mitigate the

respiratory consequences of environmental pollution (Bruno et al., 2019; Bulatov et al., 2024).

Technological innovations are creating new opportunities for reducing population exposure to

airborne pollutants.

Among filtration technologies, nanofibrous filters have demonstrated exceptional efficiency in
capturing ultrafine particles, including PM,.s, as well as airborne microorganisms, owing to their high
porosity and large surface area. These filters offer considerable potential for long-term
improvements in indoor air quality and public health (Toptas, 2024). More recently, biodegradable
electroactive nanofibrous filters have been developed that not only efficiently remove PMp.3 and
PM,.s particles but also monitor respiratory parameters in real time, opening new possibilities for

personalized respiratory disease prevention (Wang et al., 2023). Likewise, studies evaluating HEPA
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filtration consistently report reductions in inflammatory biomarkers and improvements in lung

function among individuals particularly vulnerable to air pollution (Saeed et al., 2024).

Nature-based solutions also represent promising preventive strategies. Green infrastructure—
including urban vegetation and phytoremediation systems—can effectively remove toxic volatile
organic compounds (TVOCs) and airborne particulate matter. Intelligent monitoring platforms such
as GreenAir loT further optimize the performance of plant-based filtration systems by continuously
evaluating their effectiveness under real-world conditions (Doshi & Stevens, 2021). However, the
success of these interventions depends on factors such as plant species selection, climatic

conditions, and urban design.

Reducing pollutant emissions remains the most effective long-term preventive strategy. Advances
in electrostatic filtration using nanostructured membranes have increased PM,.s removal efficiency
by approximately 206% compared with conventional filters while reducing operational costs by
nearly 70% (Nag, 2022). In the transportation sector, evidence from Nigeria demonstrates that
residential proximity to major roadways substantially increases respiratory disease risk, reinforcing
the need for cleaner transportation systems, improved urban planning, and more stringent vehicle

emission standards (Sadiq et al., 2022).

Overall, integrating advanced filtration technologies, green infrastructure, and effective emission
control policies provides a comprehensive framework for protecting respiratory health at the
community level. Together, these approaches have the potential to substantially reduce population
exposure to airborne pollutants while enhancing the resilience of both public health systems and

urban environments.

Table 2. Evaluation of technological strategies for preventing environmentally induced respiratory

diseases based on effectiveness and implementation feasibility

Effectiven Examples
Technol . . Documente .
ogical Operating Target essin d health Implementati Key of
& principle || pollutants || reducing . on feasibility || limitations |impleme
strategy benefits ]
exposure ntation
High- Mechanical |PM,.s, High (=45 |[Improved |[Moderate Requires School-
efficienc|(filtration PMyo, % lung (initial cost:  ||regular filter |based
Vi through pollen, reduction |[[function €150-800; replacement; ||air-
particul |multilayer |mold in PM,.s; ||(FEV, annual energy cleaning
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Effectiven Examples
Technol , ) Documente .
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& principle | pollutants || reducing . on feasibility || limitations | impleme
strategy benefits .
exposure ntation
ate air |[fibrous spores, up to 60% |lincrease of ||joperating consumption;||programs
(HEPA) |Imembranes|jairborne reduction [[approximat ||cost: €80— limited in the
filtratio |[that allergens |[in PMyo) |lely 8%) and||250) effectiveness ||[United
n capture reduction against States;
systems |[airborne in gaseous HEPA
particles respiratory pollutants filtration
symptoms systems
of up to in
63% childcare
facilities
in China
Controlled Passive-
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air High house
Heat pulmonary ) .
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recover VOCs, CO,, function AN . i
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recovering pollutant) . 35%) professional ||retrofits
systems respiratory . .
thermal maintenance |/in
symptoms
energy Germany
Photocatal
ic y Potential
o Reduced formation of
oxidation of .
Photoca [bollutants Moderate [[symptoms Moderate(init secondary Urban air
. P . VOCs, NO,, [[(30-80% ||of chronic ||, pollutants; purificati
talytic |jusing . o ial cost: €250—
air itanium formaldehy |[reduction ||rhinitis 1.400: reduced on
- . de, in VOCs; {/(20-30%) T performance |initiatives
purificat||dioxide . relatively low ) )
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cooksto |technologie reduction |[reduction [[200; long- adoption, initiatives
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Effectiven Examples
Technol , ) Documente .
ogical Operating Target essin d health Implementati Key of
& principle | pollutants || reducing . on feasibility || limitations | impleme
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. . . . systems
health actions) |pollution inequalities ||. .
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a .

P Asian
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areas

Note. compiled by the authors based on Pope et al. (2017), Lei et al. (2025).

Policy frameworks, regulatory approaches, and intersectoral strategies designed to reduce the

burden of environmentally related respiratory diseases vary considerably in their economic

effectiveness depending on the socioeconomic context. Studies by Marks (2020), Dymond et al.

(2021), and Janjua et al. (2021) consistently demonstrate that comprehensive policies integrating

© Universidad de Caldas

179




Luna Azul ISSN1909-2474 No.63, Julio -Diciembre 2026

primary, secondary, and tertiary prevention yield the greatest benefits, particularly in countries

facing high levels of air pollution and constrained healthcare resources.

Marks (2020) highlights that primary prevention measures—such as strengthening air quality
regulations and implementing comprehensive tobacco control policies—offer the greatest potential
for reducing the incidence of chronic respiratory diseases. Although the World Health Organization
Framework Convention on Tobacco Control (2003) represents a landmark international policy, its
implementation continues to face resistance from commercial interests, limiting progress in

reducing diseases associated with tobacco use and air pollution.

The cost-effectiveness of regulatory interventions depends largely on balancing implementation
costs against the economic savings achieved through lower disease burden and reduced healthcare
expenditures. Dymond et al. (2021) demonstrated that investments in improved indoor air quality,
particularly enhanced ventilation and high-efficiency filtration systems, provide substantial health
and economic benefits for vulnerable populations. These interventions are especially cost-effective
in highly polluted urban environments, where the greatest reductions in respiratory morbidity can
be achieved. Their optimization model further shows that cost-effectiveness varies according to
building characteristics and environmental conditions, supporting the need for context-specific

implementation strategies.

Long-term reductions in respiratory disease also require coordinated action across the
environmental, public health, and social sectors. Integrated policies that combine industrial
emission controls, cleaner transportation systems, stricter environmental standards, and improved
access to healthcare have proven more sustainable than isolated interventions. Janjua et al. (2021)
reported that individual protective measures—including air quality warning systems, educational
campaigns, and personal exposure reduction strategies—can effectively reduce health risks among
individuals with chronic respiratory diseases. However, their long-term impact remains limited

without complementary governmental policies that address pollution at its source.

Overall, the evidence indicates that the most effective public policies combine stringent
environmental regulation, sustained investment in public health, and coordinated intersectoral
interventions. Their ultimate success depends not only on scientific evidence but also on political
commitment and the capacity to implement and enforce these measures across diverse

socioeconomic settings.
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Conclusions

This review identified fine particulate matter (PM,.s and PMy), nitrogen dioxide, carbon monoxide,
and ozone as the principal environmental pollutants contributing to respiratory disease worldwide.
Elevated concentrations of PM,.s and PMyo are consistently associated with industrial activity and
traffic emissions, whereas biomass burning and dust particles remain the predominant pollution
sources in rural environments. Vulnerability to these pollutants is greatest among children, older
adults, and occupationally exposed workers because of developmental, physiological, and health-
related factors. Furthermore, climate change—including rising temperatures and more frequent
extreme weather events—intensifies respiratory risks by increasing concentrations of aeroallergens

and airborne particulate matter.

The evidence also highlights the complex biological mechanisms through which environmental
pollutants damage the respiratory system. Oxidative stress, chronic inflammation, and immune
dysregulation emerge as central pathways linking exposure to PM,.s, volatile organic compounds,
and gaseous pollutants with respiratory disease. In addition, genetic susceptibility and epigenetic
modifications—including polymorphisms in DNA repair genes and DNA methylation patterns—
modulate individual responses to environmental exposures. Emerging biomarkers such as IL-6, TNF-
a, and fractional exhaled nitric oxide (FeNO) offer promising opportunities for early detection,
individualized risk assessment, and precision-based prevention. Technological innovations—
including HEPA filtration systems, nanofibrous filtration materials, green infrastructure, enhanced
emission control technologies, and integrated regulatory policies—have demonstrated

considerable potential for reducing the burden of environmentally induced respiratory diseases.

Based on these findings, expanding environmental monitoring systems, strengthening industrial and
transportation emission controls, and promoting public awareness of personal preventive measures
should be prioritized. One limitation of this review is the limited availability of long-term
environmental and epidemiological data from several regions, including Kyrgyzstan, Kazakhstan,
Uzbekistan, Moldova, Georgia, Armenia, Ethiopia, Kenya, and Tanzania, which constrains the
generalizability of some conclusions. Future research should focus on integrating epigenetic
markers, novel biomarkers, and advanced environmental monitoring technologies to improve

individualized risk prediction and support the development of more targeted preventive strategies.
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