
67Copyright © 2025 Korean Rhinologic Society 

INTRODUCTION

Obstructive sleep apnea (OSA) is the most common sleep 
disorder, characterized by repeated airway obstruction dur-
ing sleep [1]. This condition is recognized as a risk factor for 
multiple health complications, including cardiovascular dis-
ease (CVD), metabolic syndrome, depression, and impaired 
cognitive function [2,3]. 

Risk factors for OSA include craniofacial abnormalities, 
male sex, obesity, aging, and air pollution [4-6]. Of these, obe-
sity has been rapidly increasing worldwide, becoming a 
major public health concern [5,6]. Among the factors influ-
encing obesity, air pollution—a physical environmental risk 
factor—has emerged as a major contributor to the global dis-
ease burden [7]. This has prompted growing interest in the 
health impacts of particulate matter (PM), the primary com-
ponent of air pollution. Recent studies suggest that PM plays 

a significant role in overweight, obesity, and obesity-related 
metabolic diseases. Exposure to PM affects both central and 
peripheral tissues involved in energy metabolism regulation 
[8], and these metabolic changes can shift systemic energy bal-
ance toward storage [9]. However, some cross-sectional stud-
ies have found that exposure to pollutants such as PM does 
not significantly contribute to obesity [10]. 

Because the upper respiratory tract—including the nasal 
passages and upper airway—represents the first entry point 
for inhaled contaminants [11], air pollution, including PM, 
has also become recognized as a key risk factor for OSA. The 
proposed mechanisms by which PM may induce OSA are 
chronic inflammation and oxidative stress [11].

Both OSA and obesity are risk factors for CVD and share 
several pathophysiological mechanisms [1]. However, studies 
on the effects of PM on OSA and obesity have produced in-
consistent results, and the underlying mechanisms remain 
unclear. Therefore, this review aims to comprehensively ex-
amine the effects of PM on OSA and obesity and to elucidate 
the associated mechanisms, aiming to improve awareness 
and understanding of this issue.
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PM

Definition and characteristics
PM, the main component of air pollutants, is composed of 

inorganic substances (e.g., metals, non-metals, transition met-
als), organic compounds (e.g., carbon, polycyclic aromatic 
hydrocarbons, quinones), and aqueous components [10]. PM 
is classified based on its diameter into PM0.1, PM2.5, PM10, and 
PM100 [12]. Among these, PM2.5—particles with a diameter of 
2.5 μm or less—constitutes the majority of ambient PM [13]. 
Due to its large surface area relative to particle size and high 
chemical reactivity, PM2.5 readily carries toxic substances and 
remains suspended in air for extended periods [14]. Further-
more, once inhaled, PM2.5 deposits efficiently in the alveoli 
and can penetrate capillaries to enter the systemic circulation 
[15]. Reflecting these harmful properties, the US Environ-
mental Protection Agency and the European Union use PM 
concentrations as key indicators when assessing the health 
risks of air pollution [16], and the World Health Organization 
includes PM in its revised guidelines on air pollutants [17]. 
Moreover, in 2013, the International Agency for Research on 
Cancer classified outdoor air pollution and PM as Group 1 
carcinogens [18].

Human inhalation process
During inspiration, inhaled PM enters the lungs and acti-

vates alveolar macrophages [19], inducing an inflammatory 
response [8]. These particles can then traverse the epithelial-
capillary barrier to enter systemic circulation and reach pe-
ripheral tissues via endocytosis [20]. Quantifying and clearing 
PM deposition in the respiratory tract is crucial for assessing 
health risks [21]. A previous study reported PM2.5 deposition 
rates of 80% in the head and nasal region, 7% in the tracheo-
bronchial region, and 13% in the alveolar region [22]. Thus, 
the relatively high deposition of PM2.5 in the nasal passages 
has been suggested to correlate with OSA.

PM AND OSA

Impact of PM on OSA
PM exposure has been linked to an increased risk of sleep-

breathing disorders, including OSA [23], although findings 
remain inconsistent [1]. For instance, one study found that 
long-term exposure to PM2.5 was significantly associated with 
increased time spent with arterial oxygen saturation (SpO2) 
below 90% (T<90; Δ%=10.2, p=0.04) and a lower nadir SpO2 
(Δ%=-0.9, p=0.03) [1]. In a large US cohort, an interquartile 
range increase of 14.5 μg/m3 in mean PM10 exposure corre-
sponded to a 13% rise in the respiratory disturbance index 
[24]. Another study reported that short-term (1 month) ex-

posure to PM2.5 and PM10 was significantly associated with 
greater odds of OSA manifestation, with odds ratios (ORs) of 
1.47 (95% confidence interval [CI], 1.34–1.62) for PM2.5 and 
1.17 (95% CI, 1.02–1.34) for PM10 [25]. Moreover, several in-
vestigations have suggested that air pollutants aggravate OSA 
severity. A review found that nitrogen dioxide (NO2), ozone, 
and PM were each associated with elevated apnea-hypopnea 
index (AHI) and oxygen desaturation index [26]. In another 
analysis, each 1-μg/m3 increase in average PM2.5 level was 
linked to a 1.04–1.08-fold increase in the OR for AHI—across 
1-, 7-, and 30-day exposure windows—in both mild-to-mod-
erate and severe OSA cases [27]. However, heterogeneity in 
exposure duration, season, climate, and nation of study (as 
indicated in a systematic review covering various air pollut-
ants, such as PM2.5, PM10, and NO2), likely contributes to the 
conflicting results observed among studies [28]. Another sys-
tematic review and meta-analysis concluded that the effects 
of PM2.5 and NO2 on the risk of OSA are ambiguous [3]. More-
over, studies that have shown correlations between PM and 
OSA exhibit limitations, including the use of univariable anal-
yses or inadequate adjustment for confounders. These poten-
tial confounders include seasonal variations in temperature 
and humidity, which can impact air pollution levels; differ-
ences between developing and developed countries, indoor 
air quality, and exposure to other pollutants [1,24,29,30]. Ad-
ditionally, upper airway irritants and seasonal allergic reac-
tions may both exert effects [16]. Diseases such as allergic rhi-
nosinusitis can modulate the severity of sleep apnea, a factor 
that should be considered in future examinations of the rela-
tionship between air pollution and OSA [16]. Future time-se-
ries analyses with multiple follow-up points are required to 
clarify the impact of PM on OSA.

Mechanisms by which PM affects OSA
Long-term exposure to environmental pollutants has cu-

mulative adverse effects that contribute to the development of 
chronic diseases, including obesity and OSA [31]. Although 
the exact mechanisms linking PM exposure to OSA remain 
to be fully defined, evidence points to two principal mecha-
nisms: chronic inflammation and oxidative stress.

Chronic inflammation
High levels of inhaled PM are believed to disrupt the nasal 

mucociliary clearance system, which normally traps and elim-
inates particles [16]. Young adults who relocate from rural to 
urban settings have been shown to exhibit inflammatory 
changes in their nasal epithelia [32]. In animal models, PM ex-
acerbates pulmonary inflammation and increases mucus se-
cretion, leading to upper airway edema and elevated airway 
resistance [33]. PM can also induce inflammatory reactions 
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in nasal epithelial cells, contributing to chronic rhinosinusitis 
and upper airway obstruction [34,35]. Moreover, the patency 
of the upper airway is influenced by the disruption of the si-
nonasal epithelial cell barrier [36]. This disruption triggers a 
persistent inflammatory process through the activation of pro-
inflammatory pathways, further degrading barrier integrity 
and perpetuating inflammation [37]. Increased nasal resistance 
from this inflammation has been implicated in the pathogen-
esis of OSA [37]. Furthermore, the relationship between upper 
airway inflammation and OSA may be bidirectional, where the 
oxygen desaturation and altered lung ventilation seen in OSA 
can themselves sustain a low-grade inflammatory state [38].

Oxidative stress
As one study reported, exposure to PM2.5 and PM10 can in-

crease oxidative stress, exacerbating nocturnal hypoxia [39]. 
PM contains pro-oxidant molecules that disrupt mitochon-
drial respiratory chains, generating reactive oxygen species 
(ROS) [40] and inducing oxidative damage in nasopharyn-
geal and other cells. These mechanisms may impact ventilation 
and perfusion, aggravating the hypoxia associated with OSA.

PM AND OBESITY

Impact of PM on obesity
PM adversely affects both environmental quality and hu-

man health. Epidemiological and animal studies indicate that 
exposure to PM—especially PM2.5—promotes weight gain, 
suggesting that PM acts as an obesogen (a substance that pro-
motes obesity) and a risk factor for obesity [41,42]. A meta-
analysis found that each 10 μg/m3 increase in PM concentra-
tion corresponded to a 1.16-fold higher risk of obesity (95% 
CI, 1.11–1.21) [43]. In an 8-year longitudinal cohort study of 3.9 
million US veterans, every 10 μg/m3 increase in annual aver-
age PM concentration was linked to an average weight gain of 
10 pounds (approximately 4.54 kg; hazard ratio [HR], 1.07; 
95% CI, 1.06–1.08) and an increased clinical risk of obesity (HR, 
1.08; 95% CI, 1.06–1.11) [44]. Similarly, a crosssectional study 
of over 47,000 Chinese adults reported that each 10 μg/m3 in-
crease in PM concentration was associated with higher odds 
of general obesity (OR, 1.12; 95% CI, 1.09–1.14) and abdomi-
nal obesity (OR, 1.10; 95% CI, 1.07–1.13) [45]. In animal stud-
ies, PM-exposed mice developed greater subcutaneous and 
visceral fat mass than control animals breathing filtered air 
[42]. However, some cross-sectional analyses have found no 
significant association between PM exposure and obesity or 
markers of lipid metabolism [46]. These inconsistencies may 
reflect limited cumulative PM exposure in younger adults (aged 
17–22 years) or methodological constraints, such as the reli-
ance on area-level administrative data on PM concentrations, 

despite the fact that approximately 70% of the participants 
were university students, with no verification of whether they 
lived in dormitories and no data regarding time spent outside 
of their residence [46].

Mechanisms by which PM affects obesity
Although the precise mechanisms linking PM exposure to 

obesity remain unclear, considerable research suggests that 
chronic inflammation and oxidative stress play major roles in 
this relationship. In addition, several other potential mecha-
nisms have been proposed (Fig. 1) [47].

Chronic inflammation
PM can induce both local and systemic chronic inflamma-

tory responses, contributing to obesity and metabolic disor-
ders. Evidence indicates that PM exposure is associated with 
a greater increase in markers of systemic inflammation (such 
as C-reactive protein [CRP] level and white blood cell count) 
among individuals with obesity than in controls without obe-
sity [48]. Moreover, a study of 52 children (mean age, 8.6±0.1 
years) from Mexico City—an area with high PM levels—re-
ported significant elevations in inflammatory mediators com-
pared with Polotitlán, a city with low levels. These mediators 
included tumor necrosis factor alpha (TNF-α), prostaglandin 
E2, CRP, interleukin-1 beta, and endothelin-1 [49]. 

Through various mechanisms, this chronic inflammation 
impacts the hypothalamus, adipose tissue, skeletal muscles, 
and mitochondria, causing functional impairments that ulti-
mately lead to obesity.

First, PM can induce hypothalamic inflammation. The hy-
pothalamus integrates hormonal, environmental, and neural 
signals to regulate systemic energy balance and metabolic ef-
ficiency [50]. Three pathways have been proposed for PM en-
try into the central nervous system: 1) translocation via ol-
factory epithelial neurons; 2) disruption of the gut microbiota 
and the gut-brain axis; and 3) upregulation of pro-inflam-
matory mediators in the bloodstream.

The resulting hypothalamic inflammation then increases 
appetite, reduces energy expenditure, and induces leptin re-
sistance, ultimately contributing to obesity [51]. Hypothalam-
ic inflammation is also linked to insulin resistance [52] and 
inhibits thermogenesis and energy expenditure in brown ad-
ipose tissue [53], promoting weight gain [54]. In one animal 
study, PM exposure increased the expression of inflammatory 
markers such as TNF-α, inhibitor of nuclear factor kappa-B 
kinase-β, and nuclear factor kappa B in the paraventricular 
nucleus [55].

Second, PM induces inflammation in adipose tissue. As 
shown in a previous study, PM exposure suppresses the ex-
pression of anti-inflammatory M2 genes and promotes pro-
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inflammatory (M1) gene expression, driving adipose inflam-
mation and metabolic disturbance [42]. It also increases 
macrophage infiltration into adipose depots, exacerbating lo-
cal inflammation [42]. Cross-sectional data indicate that peo-
ple with obesity have higher baseline adipose inflammation 
and are more susceptible to PM-induced inflammatory re-
sponses [56]. Increased levels of pro-inflammatory factors due 
to PM exposure can lead to inflammation in white adipose 
tissue, increased fat production, and “whitening” of brown ad-
ipose tissue [57]. In particular, the last of these is believed to 
be caused by inflammation within the tissue [8].

Third, PM-induced inflammation can impair mitochon-
drial function in endothelial cells [58], cardiomyocytes [40], 
skeletal myocytes [59], and both white and brown adipocytes 
[60]. The proposed mechanism involves pro-inflammatory 
mediators disrupting mitochondrial respiratory chain com-
plexes, leading to mitochondrial dysfunction [61,62]. This 
phenomenon impairs mitochondrial DNA replication [63] 
and alters fusion/fission dynamics [64]. Through inflamma-
tion, chronic PM exposure significantly reduces the number 
and size of mitochondria in both white and brown adipose 
tissue [61], impairing glucose and lipid oxidation, leading to 
triglyceride accumulation and adipocyte hypertrophy, and 
ultimately causing obesity [61,65].

Fourth, skeletal muscle plays a key role in energy metabo-
lism [66]. Chronic PM-induced inflammation drives muscle 
protein degradation and mitochondrial dysfunction in these 
tissues [67,68]. Additionally, pro-inflammatory factors and 
dysfunction in white adipose tissue can increase insulin resis-

tance in muscles, contributing to muscle atrophy [69,70]. Re-
cent human studies have demonstrated that chronic PM ex-
posure adversely affects muscle mass and physical function 
[71,72]. Moreover, PM-related cardiopulmonary and neuro-
physiological effects increase sedentary behavior and discour-
age physical activity, furthering the deterioration of muscle 
mass and function [9]. A separate study similarly shows that 
increased PM concentrations can discourage outdoor activi-
ty, potentially leading to weight gain [73]. Animal studies also 
suggest that PM exposure induces inflammatory changes in 
the muscle microvasculature, causing functional impairment 
[74,75]. Specifically, PM exposure promotes inflammation in 
the microvascular endothelium and surrounding smooth mus-
cle, impairing vasodilation, inducing mitochondrial dysfunc-
tion, and promoting muscle atrophy [76,77].

Oxidative stress
Oxidative stress plays a key mediating role in the develop-

ment of PM-induced obesity [78]. PM contains various pro-
oxidant molecules that disrupt mitochondrial respiratory 
chains, generating ROS [61] and causing oxidative injury in 
various tissues and cells, including white adipose tissue, the 
lungs, and the thyroid [79]. Elevated ROS levels in white adi-
pose tissue promote triglyceride accumulation and inhibit 
breakdown, resulting in expansion of white fat depots and re-
duction of brown adipose tissue. These changes impair me-
tabolism, decrease insulin sensitivity, and contribute to obesi-
ty [80]. In fact, exposure to air pollution has been associated 
with abnormalities in signaling pathways related to insulin re-
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Fig. 1. Schematic diagram showing the mechanism by which PM affects obesity. The mechanisms by which PM impacts obesity appear 
to include chronic inflammation in organs associated with energy metabolism, oxidative stress, activation of adipogenic genes, changes 
in adipose tissue distribution, gut microbiota imbalance, and disruption of circadian rhythms. Adapted from Della Guardia L, Wang L. Fine 
particulate matter induces adipose tissue expansion and weight gain: pathophysiology. Obes Rev 2023;24(4):e13552 [47] under the 
terms of the Creative Commons License. BAT, brown adipose tissue; PM, particulate matter; T3, triiodothyronine; T4, thyroxine; WAT, 
white adipose tissue.
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sistance [42,80]. In an animal study, PM exposure reduced Akt 
(protein kinase B) levels, increased endothelial nitric oxide 
synthase phosphorylation, and upregulated protein kinase C 
in endothelial cells [42]. Recent research also indicated that 
PM exposure elevates xanthine concentrations in murine white 
adipose tissue, further driving oxidative stress [80]. Further-
more, interventions that reduce pulmonary oxidative stress—
such as antioxidant treatments or overexpression of extracel-
lular superoxide dismutase—have been shown to alleviate PM-
induced insulin resistance in mice, further suggesting that 
oxidative stress contributes to insulin resistance [76]. Addi-
tionally, PM-driven oxidative injury can impact thyroid func-
tion and reduce circulating levels of thyroid hormones [81,82]. 
The thyroid plays a central role in energy metabolism, and 
dysfunction in thyroid hormone synthesis and secretion can 
lead to obesity [50]. Epidemiological studies have linked chron-
ic exposure to high levels of PM with thyroid dysfunction and 
reduced serum thyroid hormone levels [81,82]. In rodents, PM 
exposure induces oxidative stress in thyroid follicles, dimin-
ishing follicular epithelial cells and enlarging follicular cavities; 
consequently, thyroid hormone synthesis and secretion are 
impaired [83]. Moreover, thyroid dysfunction induced by PM 
exposure leads to the “whitening” of brown adipose tissue [84].

Activation of adipogenesis-related genes and changes 
in adipose tissue distribution

PM exposure activates genes involved in adipogenesis and 
alters adipose tissue distribution [85-87]. Animal studies have 
demonstrated that long-term exposure to PM upregulates 
genes governing lipogenesis, adipocyte differentiation, and 
lipid droplet formation in adipose tissue [85], resulting in larg-
er adipocytes, increased visceral fat mass, and obesity [85,86]. 
In particular, PM exposure increases the expression of key 
adipogenic markers, such as acetyl-CoA carboxylase and di-
glyceride acyltransferase-2, in white adipose tissue [87]. It also 
increases the expression of pro-adipogenic transcription fac-
tors, including peroxisome proliferator-activated receptor-γ 
and cyclic adenosine monophosphate response element-
binding protein-α, in murine models [87].

Gut microbiota imbalance
Imbalances in the gut microbiota may play a mediating role 

in the relationship between PM and obesity, as well as other 
metabolic diseases [88-91]. Previous studies have shown that 
inhalation of air pollutants, including PM, can alter microbial 
diversity and relative abundance, compromise intestinal bar-
rier integrity, and trigger increased gastrointestinal inflamma-
tion via chronic endotoxemia [88]. Moreover, certain gut mi-
crobiota patterns have been observed in patients with obesity 
and disorders of glucose and lipid metabolism, implicating 

the gut microbiome in metabolic processes [89]. Population-
based analyses further indicate that the gut microbiota partial-
ly mediates the association between PM exposure and obesity 
or metabolic diseases, such as disorders of glucose and lipid 
metabolism [90,91].

Disruption of circadian rhythms
PM exposure can influence circadian rhythms, indirectly 

leading to obesity [92,93]. Recent data have shown that circa-
dian rhythm disruption leads to metabolic syndrome, includ-
ing the dysregulation of energy homeostasis and insulin re-
sistance, and is linked to PM exposure [92]. Another study 
reported that 10 weeks of PM exposure disrupted the oscilla-
tions of clock genes in both white and brown adipose tissues 
[92]. A separate investigation also observed changes in major 
clock genes (Per1-3, Rev-erbα, and Bmal1), accompanied by 
increased inflammation and oxidative stress in the plasma 
and lungs [93].

Factors affecting exposure to PM
When analyzing the effects of PM on obesity, it is impor-

tant to consider factors such as the age of exposure, cumula-
tive effects, and regional variations.

Age of exposure and cumulative effects
Multiple studies indicate that the obesogenic impact of PM 

varies by age, with children and adolescents being especially 
vulnerable [43,46]. A meta-analysis reported that the risk of 
obesity from PM exposure was higher among those under 18 
years (relative risk [RR], 1.24; 95% CI, 1.09–1.38) than in adults 
(RR, 1.10; 95% CI, 1.09–1.20) [43]. This heightened suscepti-
bility in youth likely reflects incomplete lung development 
and greater time spent engaging in outdoor activities [43,46]. 
However, research has indicated that older adults may be more 
adversely affected by aspects of PM exposure [44], potentially 
from the cumulative effects of heavy metals in these pollut-
ants [94]. Most human studies on the impact of PM on obesi-
ty have focused on short-term PM exposure (<1 month), and 
although long-term exposure is hypothesized to exert a stron-
ger obesogenic influence [95], reports on the cumulative ef-
fects of long-term exposure are rare. One cross-sectional study 
indicated a correlation between 1 year of PM exposure and 
higher blood insulin and total cholesterol levels, although no 
significant correlation with obesity was found [96].

Regional variations
The health impact of PM exposure varies by region. A me-

ta-analysis found a statistically significant association between 
PM and obesity in Asia (RR, 1.09; 95% CI, 1.06–1.12), where-
as results for Europe (RR, 1.12; 95% CI, 0.99–1.27) and the 
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United States (RR, 1.36; 95% CI, 0.85–2.18) did not reach sig-
nificance [43]. Additionally, the effects of PM were stronger 
in developing countries (RR, 1.17; 95% CI, 1.12–1.23) than in 
developed nations (RR, 1.10; 95% CI, 1.03–1.18) [43]. These 
regional differences likely stem from the impacts of industri-
alization and development.

Interaction between PM and obesity
Although PM exposure promotes obesity, obesity may also 

magnify the harmful effects of PM. Epidemiological evidence 
suggests that individuals with obesity exhibit greater sensitiv-
ity to PM-related health risks [46]. In this population, PM ex-
posure shows stronger associations with chronic obstructive 
pulmonary disease [97], hypertension [98], CVDs [99,100], 
and coronavirus disease 2019 severity [101]. This increased 
vulnerability may stem from elevated baseline proinflamma-
tory cytokine levels in those with obesity following PM expo-
sure, making them particularly vulnerable to PM-induced in-
flammation [102].

Table 1 summarizes key findings from human studies re-
garding the effects of PM on OSA and obesity.

CONCLUSION

With accelerated global urbanization, growing industrial 
and vehicular emissions have contributed to air pollution, 
which is increasingly impacting OSA and obesity [12]. Cur-
rent evidence details PM exposure as a newly identified risk 
factor for these conditions. Discrepancies among studies like-
ly stem from differences in research design; methods of mea-
suring and quantifying PM, OSA, and obesity; regional and 
participant characteristics; sample size biases; and residual 
confounding. 

Accordingly, strategies to tackle the global burden of OSA 
and obesity must consider exposure to air pollution, includ-

ing PM, and incorporate measures to reduce PM concentra-
tions. Improving air quality could become a key strategy in the 
treatment of OSA and obesity and in the prevention of relat-
ed complications. At a policy level, national public health ini-
tiatives and preventive measures that lower human exposure 
to PM—and thus its associated health risks—are urgently need-
ed to lessen the socioeconomic and medical impact of these 
disorders. However, most current research relies on animal 
models. Large-scale, long-term human studies are necessary 
to clarify the impact of PM on the risk of OSA and obesity and 
to elucidate the underlying mechanisms. Future work should 
also examine whole-body impacts, extending beyond indi-
vidual organs, and explore how PM interacts with energy me-
tabolism pathways and hormonal regulation.

Ultimately, however, as indicated by the maxim “you are 
where you live,” one’s risk of OSA or obesity is likely shaped 
by their surrounding environment.
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