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K.; Dżaman, K.; Soroczynska, K.;

Motamedi, P.; Szczepański, M.J.;
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Abstract: PM2.5 is one of the most harmful components of airborne pollution and includes particles
with diameters of less than 2.5 µm. Almost 90% of the world’s population lives in areas with poor air
quality exceeding the norms established by the WHO. PM2.5 exposure affects various organs and
systems of the human body including the upper respiratory tract which is one of the most prone
to its adverse effects. PM2.5 can disrupt nasal epithelial cell metabolism, decrease the integrity of
the epithelial barrier, affect mucociliary clearance, and alter the inflammatory process in the nasal
mucosa. Those effects may increase the chance of developing upper respiratory tract diseases in
areas with high PM2.5 pollution. PM2.5’s contribution to allergic rhinitis (AR) and rhinosinusitis
was recently thoroughly investigated. Numerous studies demonstrated various mechanisms that
occur when subjects with AR or rhinosinusitis are exposed to PM2.5. Various immunological changes
and alterations in the nasal and sinonasal epithelia were reported. These changes may contribute to
the observations that exposure to higher PM2.5 concentrations may increase AR and rhinosinusitis
symptoms in patients and the number of clinical visits. Thus, studying novel strategies against
PM2.5 has recently become the focus of researchers’ attention. In this review, we summarize the
current knowledge on the effects of PM2.5 on healthy upper respiratory tract mucosa and PM2.5’s
contribution to AR and rhinosinusitis. Finally, we summarize the current advances in developing
strategies against PM2.5 particles’ effects on the upper respiratory tract.
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1. Introduction

According to the WHO, globally, 4.2 million people die prematurely every year from
outdoor ambient air pollution. Almost 90% of the world population permanently lives in
areas with poor air quality that does not meet the standards established by the WHO [1].
The components of ambient air pollution that are considered dangerous to health include
particulate matter (PM), ozone, nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon
monoxide (CO), various organic compounds, e.g., benzene, and more [2,3]. PM particles
are divided based on their size into PM10 (particle diameters less than 10 µm), PM2.5
(particle diameters less than 2.5 µm), and PM0.1 (particle diameters less than 0.1 µm) [3].
The size of the PM is correlated with the level of upper and lower respiratory tract that they
get trapped in. PM10 tends to accumulate in the upper respiratory tract while PM2.5 and
PM0.1 more often reach the structures of lower respiratory tract resulting in respiratory
and systemic diseases [4].

It was shown that the location of PM collection highly affects its chemical composition.
For instance, the percentage of the traffic exhaust in the PM2.5 composition differs based on
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the location such as traffic sites, urban background sites, and rural sites. Other important
PM2.5 contributors include non-traffic exhaust, fuel oil combustion, biomass burning,
soil dust, sea salt, and secondary aerosols [5]. Additionally, the composition of PM2.5
varies even among comparable types of areas. For example, Salameh et al. demonstrated
that PM2.5 collected in five different Mediterranean European cities contained distinct
percentages of the same components [6]. Moreover, the median PM2.5 concentrations
vary depending on the geographical location and the time of year. Some cities in Asia
struggle with higher medial PM2.5 concentrations than those located in other parts of the
globe [7]. The PM2.5 concentrations in urban areas tend to be higher in winter than in
other seasons of the year [8]. These fluctuations of the concentration in urban areas could
be attributed to a variety of factors, including traffic, synoptic conditions, or increased
heating during winter [9]. Interestingly, the COVID-19 pandemic has resulted in a decrease
in PM2.5 concentrations in city environments, which might be explained by the lockdowns
and social restrictions [10].

PM2.5 exposure has been related to a wide range of disorders impacting numerous
systems such as the cardiovascular, respiratory, immune, and even reproductive system,
which may result in an increased risk of infertility [11–14]. Many cardiovascular diseases,
such as atherosclerosis, ischemic heart disease, and stroke, have been associated with
PM2.5 exposure [15,16]. It has been also suggested that PM2.5 may cause immunological
impairments leading to a weakened host defense [14]. Additionally, there is a wide group
of respiratory pathologies that are induced or exacerbated by PM2.5 exposure. Many of
them are attributed to the lower respiratory tract, such as asthma, chronic obstructive
pulmonary disease (COPD), infections, or lung cancer [17–20].

The effect of PM2.5 on the upper respiratory tract has recently sparked a lot of attention,
and the number of papers on the subject is continually expanding. The evidence suggests
that PM2.5 exposure may contribute to the induction or exacerbation of allergic rhinitis
(AR) and rhinosinusitis [21,22]. The main tissue of the upper respiratory tract affected by
PM2.5 particles is the epithelia of the nasal and paranasal sinuses [23,24]. Many studies
have recently explored the effect of PM2.5 particles on nasal and sinonasal epithelial cells,
resulting in the discovery of a variety of mechanisms underlying the detrimental PM2.5
effects [23–26]. The local pathological activity of particles on the epithelium can be divided
into four categories: impairment of cell metabolism, adverse impact on epithelial barrier
integrity, dysfunction of mucociliary clearance (MCC), and provoking of an increased
local inflammatory response [23,25,26]. Furthermore, several studies have pointed out
that PM2.5 exposure affects the composition of the microbiota in the nasal cavity and
pharynx which could subsequently affect epithelial function [27,28]. These pathological
mechanisms may be responsible for the outcomes that were seen in patients with AR and
rhinosinusitis who exhibited an exacerbation of their disease after exposure to higher PM2.5
concentrations [29,30]. In this review, we focus on the effect of PM2.5 particles on the upper
respiratory tract by pointing out the most important pathological mechanisms triggered
by PM2.5 and discussing its impact on upper respiratory tract diseases. Furthermore, we
discuss potential future directions in fighting the adverse impact of PM2.5 on the upper
respiratory tract.

2. PM2.5 Effects on Healthy Nasal and Sinonasal Epithelia
2.1. Disruption of Epithelial Cell Metabolism

Nasal and sinonasal epithelial cells form a barrier that serves as an essential defensive
mechanism against particles of air pollution. The efficiency of this barrier is determined
by a variety of factors, including the appropriate functioning of the epithelial cells found
in the nose and paranasal sinuses. Some of the most important factors that contributes to
cell integrity and homeostasis are energy metabolism and proper reactive oxygen species
(ROS) clearance [31,32]. The affected mitochondrial function and imbalance in ROS pro-
duction may lead to the disruption of tight junction proteins and contribute to chronic
rhinosinusitis [33,34].
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Oxidative stress in nasal epithelial cells was classified as an adverse effect of PM2.5
exposure [25,34]. The increased level of ROS, which causes oxidative stress, may occur due
to several mechanisms. One of them is the alteration of antioxidant enzyme activity. Several
studies confirmed that PM2.5 exposure reduced superoxide dismutase (SOD) activity and
increased the level of the oxidative stress marker malondialdehyde (MDA) in the nasal
mucosa [25,35,36]. Moreover, Hong et al. demonstrated that RPMI 2650 cells exposed to
PM2.5 exhibited decreased activity of other antioxidant enzymes such as catalase (CAT)
and glutathione peroxidase (GSH-Px). Interestingly, the levels of nuclear factor erythroid
2-related factor 2 (Nrf2), a key regulator of cellular oxidant resistance, were increased in
the nucleus and decreased in the cytoplasm after PM2.5 treatment, suggesting that the
nuclear translocation of Nrf2 was inhibited [35,37]. Analogous to these findings, Hong
et al. demonstrated that GSH-Px was downregulated in the nasal mucosa of rats exposed
to PM2.5 and Gu et al. demonstrated that PM2.5 exposure decreased GSH and increased
MDA levels in human nasal epithelial cells [36,38].

Mitochondrial damage often occurs together with induced oxidative stress [39]. The
studies of Guo et al. revealed that the structure of mitochondria in rats’ nasal epithelial
cells was altered after PM2.5 exposure, resulting in mitochondrial swelling, mitochondrial
cristae disorder, swelling membrane breach, or vacuolization [25]. Furthermore, the levels
of mitochondrial mRNAs and their proteins such as mitochondrial dynamin-like GTPase
(OPA1) and mitofusin 1 (MFN1) were decreased after treatment with PM2.5 in small and
moderate concentrations and increases after treatment with high PM2.5 concentrations.
Dynamin-related protein 1 (Drp1) and mitochondrial fission 1 protein (Fis1) mRNAs and
their protein levels were increased after exposure to high PM2.5 concentrations and ulti-
mately, these alterations in mRNA and protein levels were all related to the mitochondrial
dysfunction [25]. Jia et al. also observed signs of mitochondrial damage such as clarification
of the mitochondrial matrix and destruction of the integrity of the mitochondrial membrane
and cristae in epithelial cells after PM2.5 administration in vitro [40].

Finally, studies have shown that the morphological and functional changes in ep-
ithelial cells after PM2.5 exposure led to decreased cell viability [35,41]. This effect could
be directed by multiple changes in mitochondria metabolism and increased oxidative
stress. Interestingly, PM2.5 reduced the viability of nasal epithelial cells by affecting iron
metabolism, lipid peroxidation, and autophagy. Gu et al. showed that PM2.5 increased
lipid peroxidation and the iron content in nasal epithelial cells. It was found that PM2.5 ex-
posure induced phosphorylation of AMPKα and reduced expression of ferroptosis-related
proteins such as GPx4, xCT, FTH1, and FTL. These changes led to autophagy and ferroptosis
induction in nasal epithelial cells [38].

In summary, PM2.5 particles affect mitochondrial function and disrupt ROS clearance
which is a toxic effect that may provoke stress and other adverse effects such as damage
to intercellular connections, dysfunction of mucus production and cilia movements, or
exacerbated local inflammatory process [33,42].

2.2. Dysfunction of Intercellular Connections

The next important factor that contributes to nasal and sinonasal epithelial barrier
efficiency is the proper structure of cell–cell connections such as tight junctions (TJs) and
adherens junctions (AJs) [43]. TJs are located in apical parts and consist of protein fami-
lies including claudins, occludins, catenins, and zonula occludens (ZO) [44,45]. AJs are
present below TJs in the epithelial barrier and are comprised of cadherin and nectin family
proteins [46].

Several studies demonstrated that PM2.5 particles affected the structure of TJs and
AJs [23,24]. Xian et al. demonstrated that in vitro PM2.5 exposure reduced occludin,
claudin-1, and ZO-1 expression levels in nasal epithelial cells. Moreover, the nasal mucosa
obtained from the middle turbinate or the uncinate process of patients that underwent
sinonasal surgery unconnected with inflammatory conditions revealed alterations in TJ-
related proteins. The samples obtained from patients, who were operated on during
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winter, exhibited reduced immunoreactivity of occludin, claudin-1, and ZO-1 proteins
compared to the patients operated on during summer. Moreover, the signal of TJ-related
mRNAs including ZO-1, ZO-2, CLDN-1, CLDN-4, CLDN-7, and occludin was reduced in
the winter samples [23]. During winter, the concentrations of PM2.5 in the air are much
higher, which suggests that PM2.5 exposure may have played a role in the reported results
of Xian et al. Another study conducted by Ramanthan et al. demonstrated that PM2.5
exposure decreased the expression of the TJ-related protein claudin-1 and the AJ-related
E-cadherin in the nasal epithelial barrier of mice [24]. Moreover, Zhao et al. demonstrated
that PM2.5 exposure reduced the barrier function of RPMI 2650 nasal epithelial cells. It
was observed that PM2.5 reduced the levels of TJ-related ZO-1, occludin, and claudin-1
proteins in nasal epithelial cells [41].

These findings suggest that PM2.5 exposure affects the TJs and AJs between nasal and
sinonasal epithelial cells, which may lead to the loss of integrity of the epithelial barrier in
the nasal and paranasal sinuses.

2.3. Mucociliary Clearance Dysfunction

The nasal and sinonasal epithelium is the first layer of protection for the airways
and is responsible for clearing airborne particles from inhaled air. This protective effect
is provided by mucociliary clearance (MCC), a process in which, airborne particles are
captured in the mucus layer and removed by cilia beating activity [47]. There are two
main factors responsible for the success of MCC: the efficient production of mucus by
goblet cells and submucosal glands, and an active ciliary beat of epithelial cells [47,48].
When ciliated epithelial cells or mucus production are dysfunctional, the effectiveness of
the whole MCC mechanism is drastically decreased. Recently, a variety of studies have
described an adverse effect of PM2.5 on nasal and sinonasal epithelial cells that may lead
to MCC impairment [25,40].

Cilia disruption is one of the main adverse effects that occurs in epithelial cells exposed
to PM2.5 particles. PM2.5 particles can change the structure and arrangement of nasal
epithelial cilia, as demonstrated in the study conducted by Guo et al. [25]. Rats exposed
to increasing concentrations of PM2.5 displayed a disarray of epithelial cilia in a dose-
dependent manner. Furthermore, rats exposed to the highest concentrations of PM2.5
exhibited a total annihilation of cilia structures in their nasal epithelial cells [25]. Another
study conducted by Jia et al. demonstrated that PM2.5-dependent cilia disruption occurred
with functional impairments. Human nasal epithelial cells (HNEpCs) co-cultured with
PM2.5 exhibited a higher ciliary beat frequency (CBF) after 12 h regardless of the PM2.5
concentration, whereas HNEpCs exposed to a higher dose of PM2.5 showed a decrease in
CBF after 24 h [40]. These data suggest that PM2.5 exposure can provoke increased cilia
activity, but longer exposure to the high PM2.5 concentration may induce cilia impairment.

Mucus secretion is one of the two main factors involved in MCC success and goblet
cells, as well as the submucosal glands, play a major role in mucus production [49]. The
overall function of mucus is to catch airborne particles, irritants, and pathogens and deliver
them to drainage sites via cilia motions [50,51]. Mucus mainly consists of water (95%)
and other components such as mucin glycoproteins, lipids, other proteins, and salt [52].
Mucin glycoproteins are the most abundant proteins in the mucus and are responsible for
forming a gel. Among them, two mucins are predominant: MUC5A and MUC5B [45,53].
Mucus also contains immunological components such as immunoglobulin A, lysozymes,
and lactoferrin [51]. Any alterations in the mucus composition can be harmful to the local
epithelium and ultimately to the entire organism. It was demonstrated that PM2.5 exposure
may increase the production of acidic mucosubstances in healthy nasal epithelia [54].
Changes in the composition such as acidification of the mucus may cause impaired host
defenses and increase the presence of airway bacteria [55]. Moreover, Gu et al. showed that
PM2.5 caused increased mucus secretion in the nasal mucosa of mice [38]. The effects of
PM2.5 on nasal epithelial cells are summarized in Figure 1.
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Figure 1. The effects of PM2.5 on nasal epithelial cells.

2.4. Inflammatory Response in the Epithelium

The PM of airborne pollution irritates the cells of the nasal epithelium, which causes
an activation of local inflammatory responses in the form of increased cytokine release and
modulation of inflammatory cells [56]. Several studies revealed that this mechanism also
occurs after PM2.5 exposure and inflammatory changes are one of the most common effects
that occur in epithelial cells [23–25,35,57].

The local inflammation process triggered by PM2.5 leads to the release of many
cytokines and interleukins involved in further modulation of inflammatory cells. The
secretion of pro-inflammatory cytokines is one of the most basic protective mechanisms
of the epithelial barrier defense [58]. Xian et al. showed this effect in cultures of primary
human nasal epithelial cells that were exposed to PM2.5. Cells co-cultured with 100 µg/mL
PM2.5 released significantly more inflammatory cytokines such as IL-8, TIMP-1, and
TSLP [23]. An increase in IL-8 expression was also observed by Hong et al. who evaluated
the effect of PM2.5 on the RPMI 2650 cell line [35]. Furthermore, they showed that in vitro
PM2.5 exposure increased the release of proteins including GM-CSF, TNF-α, IL-13, eotaxin,
and IL-6 [35]. Moreover, in a different study investigating the nasal lavage fluid (NLF)
collected from PM2.5-exposed mice, an increased expression of the pro-inflammatory
cytokines IL-1 beta, eosinophil-promoting IL-13, and eosinophil chemokine eotaxin-1
compared to the unexposed mice was noticed [24]. Guo et al. demonstrated similar results
in NLF collected from healthy rats exposed to PM2.5, which contained higher levels of IL-4,
IL-13, and TGF-β1 compared to the control NLF [25]. Also, Hong et al. showed that PM2.5
increased IL-1, IL-6, and TNF-α levels in the nasal mucosa of rats [36].
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Another crucial mechanism taking place during the local inflammatory response in
the epithelium is inflammatory cell infiltration. Interestingly, exposure to high PM2.5 con-
centrations induced the infiltration of neutrophils and lymphocytes into the nasal mucosa
of healthy rats [25]. This observation is in line with our preliminary data obtained from
experiments with mice. C57BL/6 mice inhaled PM2.5 at three different concentrations, i.e.,
25 µg/m3, 200 µg/m3, and 3000 µg/m3, for 30 days and 2 h per day and were compared to
mice inhaling saline. The immunohistochemical analysis revealed an increased infiltration
of CD3+ cells into the nasal mucosa of mice in response to PM2.5 exposure (Figure 2).
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Figure 2. Representative H&E staining and immunohistochemistry staining for CD3 of mucosa
harvested from C57BL/6 mice. Images were captured at 400× magnification. (A) H&E staining
of mucosa from mice. (B) Negative control for CD3 staining of mice mucosa. (C) CD3 staining of
mucosa from mice after inhalation of 3000 µg/m3 PM2.5. (D) CD3 staining of mucosa from mice that
inhaled NaCl (unpublished observations) (scale bar = 75 µm).

3. Contribution of PM2.5 to Upper Airway Disorders
3.1. Allergic Rhinitis

Allergic rhinitis (AR) is a prevalent condition and estimations suggest that it affects
20–30% of adults and up to 40% of children [59,60]. AR is the most frequent condition
among the atopic disorders. Patients in most cases present nasal congestion, rhinorrhea,
sneezing, and nasal itching, but many other related symptoms may appear as well [61]. The
ARIA (Allergic Rhinitis and its Impact on Asthma) classification divides AR by severity, i.e.,
mild, moderate, and severe, and by occurrence type, such as intermittent or persistent [62].

AR is caused by sensitization which is the patient’s first contact with an allergen.
During this process, epithelial cells absorb the allergen and release chemokines such as



J. Pers. Med. 2024, 14, 98 7 of 18

CCL20 and interleukins including IL-33, TSLP, and IL-25 that promote the recruitment
of dendritic cells (DCs) [63]. After being presented with the allergen, DCs activate and
migrate to the local lymph nodes where they stimulate CD4+ T cells to differentiate into
allergen-specific Th2 cells. These cells produce IL-4, IL-5, and IL-13 which can stimulate
B cells to differentiate into IgE-producing plasma cells [62–65]. After re-exposure to the
allergen, activated memory B cells produce IgE which binds to the FcεRI receptor on mast
cells and basophils leading to the early phase response [63].

IgE-dependent degranulation of basophils and mast cells is a key reaction in early
phase response [63,66]. Released mediators such as leukotrienes and histamine lead to
increased vascular permeability, rhinorrhea, itching, and increased mucus secretion [65].
The late phase response occurs 4–8 h after allergen administration and is characterized by
inflammatory cell infiltration into the mucosa, including eosinophils, Th2 cells, and group
2 innate lymphoid cells (ILC2s) [63,67]. Increased local concentrations of chemoattractants
such as IL-3, IL-5, and eotaxin promote eosinophilic infiltration into the nasal mucosa [68].
The result of this infiltration is increased local concentrations of cytokines such as eotaxin,
eosinophil cationic protein (ECP), IL-4, IL-5, IL-9, and IL-13 [63,67]. The symptoms in this
phase include nasal blockage and watery nasal discharge [69].

Many different inhalant allergens are suspected to induce or exacerbate AR such as the
pollen of various plants including Betulaceae, Oleaceae, Platanus, and Salicaceae; animal
dander; fungal allergens; and air pollutants [70,71]. Recently, PM2.5 particles, along with
other air pollutants, have been described as potential irritants that contribute to AR. In
several studies, animal models of AR were thoroughly examined with regard to PM2.5
exposure and interesting results were obtained [26,72–76]. Increased sneezing, itching,
and rhinorrhea are typical symptoms of AR after allergen presentation [65,69]. Several
researchers have found that PM2.5 exposure also induced or exacerbated symptoms such
as sneezing and nose rubbing in AR animal models [21,26,73–75].

A variety of data exists showing that PM2.5 exposure induces the activation of different
cell types that are involved in AR pathogenesis. Wang et al. demonstrated that cytokines
related to the epithelial cells such as TSLP and IL-33 were increased in the nasal mucosa of
AR rats after PM2.5 exposure in comparison to the unexposed AR rats [26]. This observation
may suggest an increased epithelial cell response which can lead to the intensified activation
of DCs. Furthermore, nasal ECs became pro-inflammatory in AR mice exposed to PM2.5 in
a study conducted by Piao et al. NF-kB was expressed mostly in the nucleus of nasal ECs
and the highest count of NF-kB-stained cells was observed in mice with AR exacerbated by
PM2.5. NF-kB plays an important role in the regulation of oxidative stress and inflammatory
responses [75].

Th2 cells were also frequently reported to be more activated compared to Th1 cells
after PM2.5 exposure in animal models of AR. Guo et al. investigated changes in Th1-
and Th2-associated transcription factors after PM2.5 exposure. The results showed that
AR rats exposed to PM2.5 had increased Th2-associated GATA-3 expression, whereas
the expression of Th1-associated T-bet was decreased in comparison to the untreated AR
rats [73]. Furthermore, Li et al. showed that PM2.5 exposure significantly decreased the
percentage of Th1, but not Th2, cells in AR mice. Moreover, PM2.5 exposure altered the
DNA methylation signatures of the IFN-γ promoter in the CD4+ T cells of AR mice, which
might further decrease the percentage of Th1 cells. PM2.5 exposure also increased the
activation of the ERK-DNMT pathway in CD4+ T cells, which suggests PM2.5 involvement
in AR development [74]. Aside from gene expression, the proof for the intensified activation
of Th2 cells was found in altered cytokine concentrations. In the sera of AR animals exposed
to PM2.5, significant changes were found in comparison to the unexposed AR animals
such as decreased levels of IFN-γ (Th1-related cytokine) and increased levels of IL-4,
IL-5, IL-6, IL-13, and IL-25 (Th2 cytokines) [21,76]. Moreover, there is evidence for the
increased infiltration of Th2 cells into the nasal mucosa of rats with AR exacerbated by
PM2.5. Guo et al. showed increased levels of Th2-related cytokines such as IL-4 and
IL-13 and decreased IFN-γ levels in the NLF of these animals [73]. In contrast, Wang et al.
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demonstrated an increased expression of IFN-γ in the nasal mucosa of rats with AR
exacerbated by PM2.5. However, the researchers also observed an increased IL-4 level
which was slightly higher than the IFN-γ level [26].

Recently, researchers have suggested that an imbalance between Th17 and Treg cells
may also contribute to the pathogenesis of allergic disorders including AR [77]. Th17 cells
can promote eosinophilic inflammation in AR whereas Treg cells may inhibit activation of
Th2 cells, attenuating the response against the allergen [72,78]. In the NLF of AR animals
exposed to PM2.5, increased levels of the Th17-related cytokine IL-17 and decreased
levels of the Treg-related TGF-β1 and IL-10 were observed [75]. In contrast, Guo et al.
demonstrated an increased TGF-β1 level in the NLF of rats with AR exacerbated by
PM2.5 [73].

It was also shown that B cells involved in AR pathogenesis might be more numerous
in the serum and intensively activated due to PM2.5 exposure. This suggestion was
supported by elevated white blood cell counts in AR rats after PM2.5 exposure which was
demonstrated by Wang et al. [26]. Moreover, serum IgE levels were higher in animals with
AR exacerbated by PM2.5 which may suggest an increased activation of B cells [21,26,73].

Eosinophilic infiltration was also observed to be more severe in AR animals after
PM2.5 exposure which was shown in NLF and histological samples [21,26,73–76]. Eotaxin,
which is the main chemoattractant for eosinophils, was frequently reported to be increased
in AR animals exposed to PM2.5. Increased serum levels of eotaxin-1 was reported by
Wang et al. and Sun et al. [21,76]. Moreover, eotaxin was also elevated in NLF and nasal
mucosa samples from AR animals exposed to PM2.5 [73,76].

The signs of increased infiltration were also observed by Wang et al. [26]. AR rats
exposed to PM2.5 showed higher levels of ICAM-1 and VCAM-1, adhesion molecules
involved in the first step of leukocyte infiltration, i.e., adhesion to the endothelium [26].

The process of autophagy was found to be increased in the nasal epithelia of patients
suffering from AR [79]. Wang et al. demonstrated that autophagy was also increased
in AR rats after PM2.5 exposure. The study showed that the expression of miR-338-
3p in nasal epithelial cells was decreased after PM2.5 exposure. In vitro experiments
revealed that miR-338-3p can regulate the AKT/mTOR pathway via interaction with
UBE2Q1. The AKT/mTOR pathway is involved in the induction of autophagy processes.
PM2.5 decreased miR-338-3p’s inhibitory effect on the AKT/mTOR pathway, resulting in
autophagy induction in nasal epithelial cells which may play a role in AR development [80].

In addition, several studies have shown that PM2.5 induced mucosal changes such as
vasodilatation, mucosal edema, and gland hyperplasia [21,26,76]. Moreover, the number
of goblet cells was increased in the nasal mucosa of rats with AR exposed to PM2.5 [73].
Furthermore, Ouyang et al. showed that OVA-sensitized mice exposed to PM2.5 exhibited
an increase in mucus production [81]. Increased mucus production plays a protective
role; however, the overproduction may lead to a decrease in clearance and accelerate
infections [45].

Interestingly, Yang et al. demonstrated that AR mice sensitized to house dust mites
in combination with PM2.5 developed corticosteroid resistance that was not observed in
AR mice sensitized with house dust mites alone. AR mice sensitized to house dust mites
and PM2.5 had increased expression of Sos1 in their eosinophils. The study revealed that
the higher expression of Sos1 led to a linkage between RAS and glucocorticoid receptor-α
(GRα) in eosinophils that prevents bonding between steroids and GRα. Inactive GRα on
eosinophils results in an absent or inadequate response to steroid therapy [82].

All these results suggest an important contribution of PM2.5 to AR pathogenesis.
Interestingly, several epidemiological studies also confirmed the association of PM2.5
with AR. PM2.5 exposure was correlated with a higher incidence of AR in patients with
Alzheimer’s disease [83]. Moreover, in Nanjing, China, PM2.5 exposure was positively
correlated with the number of AR patients [30]. Finally, exposure to the higher concentration
of PM2.5 in Hangzhou resulted in a higher risk of sensitization to house dust mites that
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may cause AR [84]. On the other hand, Dąbrowiecki et al. showed that the risk of AR
hospitalizations in major Polish cities did not change significantly after PM2.5 exposure [85].

3.2. Rhinosinusitis

The nasal cavity is closely connected to the paranasal sinuses—structures responsible
for warming and moistening inhaled air, proper air pressure equalization, smell, voice
resonance as well as the protection sensitive skull structures. The surface of the sinuses
is covered with the same airway epithelium as the nasal cavity and works as a buffer
providing the first line of defense against environmental factors. Inhaled air pollution
containing PM2.5 leads to multiple epithelial and sinus dysfunctions.

It is suggested that PM2.5 correlates with sinus disorders; however, it remains un-
known whether air pollution leads to an exacerbation of previously existing illnesses or
whether it contributes to disease development. The exact molecular mechanisms underly-
ing the impact of PM2.5 on sinus functionality still require detailed investigations [86].

One of the most common diseases of the sinuses is rhinosinusitis in its acute or chronic
form. Globally, chronic rhinosinusitis (CRS) affects almost 5–12% of the general population.
The symptoms of CRS include nasal blockage, obstruction, congestion, nasal discharge,
facial pain or pressure, and reduction in or loss of smell for more than 12 weeks [87].
CRS manifests as two main phenotypes: CRS with (CRSwNP) and without nasal polyps
(CRSsNP). Recently, based on inflammatory response pathways, CRS has been divided into
endotypes that are defined by the Th-related mechanisms and cytokine profiles. Addition-
ally, the immune response pathways might be mixed and indicate geographical differences,
suggesting a meaningful role of genetic, environmental, and dietary factors [86]. CRS in
some cases also correlates with allergies, fungal inflammation, or eosinophilic infiltration.

The etiology of CRS is heterogenous and CRS is associated with chronic inflammation
that has a poorly understood molecular background. Besides bacteria, viruses, fungi,
and innate immune dysfunction, recent data point toward increasing air pollution as an
important and highly pathogenic factor. Mady et al. observed that PM2.5 and black carbon
(BC) correlated with CRS progression and exacerbation of clinically observed symptoms
especially in patients with CRSsNP [22].

In the course of CRS, dysfunctions at the cellular level of the epithelium appear,
similar to those observed in the in vitro studies describing the molecular effects of PM2.5
on airway epithelial cells: TJ and MCC dysfunction, microbiome dysbiosis, and goblet
cell hyperplasia.

Studies have been shown that PM2.5 contributes to the secretion of pro-inflammatory
factors and altered eosinophilic infiltration. Li et al. reported that PM leads to sinonasal
inflammation, epithelial thickening, and the upregulation of eosinophils in the NLF [88].
In their retrospective study, Yang et al. were able to demonstrate a relationship between
increased air pollution containing PM2.5 and eosinophilic CRSwNP as well as exacer-
bation of the disease [89]. Ramanathan et al. reported the destructive effect of PM2.5
on the sinus epithelium of mice and suggested its role in the development of nonal-
lergic eosinophilic sinonasal inflammation. They observed an increased infiltration of
neutrophils and macrophages, and eosinophilic inflammation with an upregulation of
IL-13 and eotaxin-1 as well as other pro-inflammatory factors such as IL-1β and oncostatin
M. The expression levels of proteins providing epithelial barrier integrity were down-
regulated including claudin-1, E-cadherin, IFN-γ, and IL-12p40 [24]. Similarly, Ma et al.
demonstrated that the treatment of noninflamed nasal mucosa with PM2.5 and those
obtained from eosinophilic CRS patients exhibited reduced TJ protein levels—claudin-1,
zona occludens-1, and occludin. In the supernatant, IL-1α, IL-8, IL-10, and TIMP-1 (tissue
inhibitor of metalloproteinase) were upregulated. Interestingly, these effects were partially
attenuated with budesonide treatment [90]. In contrast, Patel et al. observed increased
tissue inflammation and eosinophil infiltration levels in CRSwNP after ozone exposure
and did not find histopathological changes associated with disease severity in the case of
PM2.5 exposure [91].
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Qing et al. observed an impact of PM2.5 on the mucosa of healthy individuals and
patients with CRSwNP or AR. They report differences in the levels of pro-inflammatory
cytokines, depending on the level of PM on that particular day. In the case of healthy
individuals IL-6, IL-8, and TNF-αwere upregulated in their nasal secretions on the days
with high PM levels. In the CRSwNP and AR groups, increased levels of IL-6, IL-8, IL-1β,
and IL-5 (a Th2-related cytokine) were observed [92].

Another effect of PM2.5 on the sinonasal epithelium is increased mucus production
which might be involved in the MCC dysfunction. In a rabbit model of rhinosinusitis,
Zhao et al. demonstrated that PM2.5 induces cilia morphological dysfunction or loss of
cilia, goblet cell hyperplasia, collagen deposition, increased levels of fibroblasts and inflam-
matory cells, mucus overproduction, and tissue remodeling [93]. Additionally, Jiao et al.
reported that even a short exposure to PM2.5 resulted in altered MUC5AC expression in
nasal epithelial cells obtained from CRSwNP or control patients. MUC5AC is produced by
goblet cells and is the main component of mucus and the authors demonstrated that this
upregulation might be orchestrated by the EGFR-PI3K pathway [94]. Furthermore, it has
been shown that PM2.5 might contribute to anosmia which is one of the widely observed
clinical symptoms of CRS [95]. Elam et al. revealed that PM2.5 exposure contributed to
CRS development in the active duty population. Interestingly, no correlation was found for
PM10, ozone, or NO2 [29].

To alleviate the negative effects of PM2.5 on sinuses, it appears that it is crucial
to discover the exact molecular mechanisms involved in epithelial damage and immune
response pathways. Moreover, the seasonal changes in the composition of air pollution may
alter the quality of these responses. The results of PM2.5 exposure in AR and Rhinosinusitis
are summarized in Table 1.

Table 1. Comparison of PM2.5-induced changes in allergic rhinitis and rhinosinusitis.

Allergic Rhinitis Rhinosinusitis

PM2.5 effects on nasal and sinonasal mucosa

Increased release of TSLP and IL-33 by nasal
epithelial cells [26] Increased sinonasal inflammation and epithelial

thickening [88]

Increased NF-κB expression in nasal
epithelial cells [75] Damage to sinonasal epithelium and cilia

morphological dysfunction [24,93]

Increased vasodilatation, mucosal edema,
and gland hyperplasia [21,26,76]

Downregulation of proteins involved in
epithelial barrier integrity:

- claudin-1 and E-cadherin
- claudin-1, zona occludens-1, and occludin

[24,90]

Increased number of goblet cells and mucus
production [73,81]

Goblet cell hyperplasia and mucus
overproduction
Altered MUC5AC expression

[93,94]

Increased autophagy [80] Collagen deposition and increased levels of
fibroblasts, tissue remodeling [93]

Infiltration of inflammatory cells into mucosa

↑ Adhesion molecules ICAM-1 and VCAM-1 [26] Increased migration factors: IL-8 [90]

Increased infiltration of eosinophils [21,26,73–76] Increased infiltration of neutrophils and
macrophages [24]

PM2.5 effect on immunological processes

Decreased Th1 cell activity:

- ↓ T-bet expression
- ↓ Th1 cells percentage
- ↓ IFN-γ

[21,73] Decreased IFN-γ and IL-12p40 [24]
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Table 1. Cont.

Allergic Rhinitis Rhinosinusitis

Increased Th2 cell activity:

- ↑ GATA3 expression
- ↑ percentage of Th2 cells
- ↑ IL-4, IL-5, IL-6, IL-13, IL-25

[21,73,76] Increased IL-5, IL-6 [92]

Increased Th17 cell activity [75]

Decreased Treg cell activity:

- ↓ IL-10
[75] Increased IL-10 [90]

Increased B cell activity:

- Higher B cell count
- ↑ IgE

[21,26,73]

Increased activity of eosinophils:

- ↑ Eotaxin
[21,73,76] Increased activity of eosinophils:

↑ IL-13, eotaxin-1 [88]

Increased pro-inflammatory factors:

- IL-1β and oncostatin M
- IL-1α, IL-6
- TIMP1

[24,90,92]

4. Future Perspectives

This review emphasizes the importance of understanding the role of PM2.5 in the
prevention and management of AR and rhinosinusitis. The current literature suggests that
PM2.5 may contribute to the exacerbation of AR and may increase the risk of sensitization
to common allergens such as house dust mites [30,83,84]. There is also evidence that PM2.5
may contribute to the pathogenesis of rhinosinusitis [86].

The literature emphasizes that there is an urgent need to create methods to alleviate
the effects of PM2.5 exposure on the nasal epithelium to reduce the occurrence of AR and
rhinosinusitis symptoms [84,86]. Recently, several compounds were tested for their poten-
tial to reduce the adverse effects of PM2.5. Sun et al. observed that AR rats gavaged with
ursolic acid (UA) and exposed to PM2.5 exhibited decreased expression of Th2 cytokines,
infiltration of eosinophils, and specific IgE production compared to a group of AR rats
exposed to PM2.5 without UA treatment [76]. Moreover, PM2.5 induced remodeling of
the nasal epithelium and increased mucus secretion in AR rats, which was also partially
prevented by UA treatment [96]. Another compound tested to reduce the adverse effects of
PM2.5 was rosmarinic acid (RosA). Zhou et al. demonstrated that the administration of
RosA significantly decreased eosinophilic infiltration and reduced cell exfoliation in the
nasal mucosa of AR rats. Moreover, the levels of OVA-specific IgE in the serum were signif-
icantly decreased after RosA treatment. The expression of IFN-γwas decreased and IL-4
and IL-13 levels were increased in AR rats exposed to PM2.5 while RosA administration
reversed this trend. RosA also alleviated the change in expression of T-bet and GATA-3
mRNA and reversed the change in expression of NF-κB in the nasal mucosa after PM2.5
exposure [97].

Another potential strategy is to modulate the administration of approved drugs that
target factors involved in PM2.5’s effects on CRS or AR. For instance, biological treatments
that target the interleukins involved in PM2.5-modulated CRS could be given to patents
with a higher PM2.5 exposure [98]. However, this strategy needs further extensive research
on the molecular mechanisms behind PM2.5’s contribution to CRS or AR development
and progression.

The other strategy to reduce the effects of PM2.5 on the nasal mucosa might be
a restoration of the microbiome balance. Shen et al. investigated the effects of nasal
treatment with PM2.5 on airway inflammation in healthy rats and the role of Broncho-
Vaxom treatment after PM2.5 exposure. The authors were able to show that PM2.5 exposure
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triggered increased inflammatory cell infiltration, a higher number of Th17 cells, decreased
levels of T regulatory cells (Tregs), and an upregulation of IL-4, IL-5, IL-13, and IL-17 and
downregulation of IL-10. Interestingly, the administration of Broncho-Vaxom—a lysate of
bacteria species—resulted in the downregulation of Th17 cells, IL-4, IL-5, IL-13, and IL-17
and an upregulation of IL-10 in comparison to the group exposed to PM2.5. Furthermore,
they observed upregulated levels of aryl hydrocarbon receptor (AhR) in the PM2.5-treated
rats; AhR is an immunoregulatory receptor involved in the response to environmental
factors. These data suggest that the restoration of airway microbiome balance might be one
of the pathways to overcome the negative effects of PM2.5 exposure [99].

The strategy to develop or use existing pharmacological compounds to alleviate the
adverse effects of PM2.5 exposure is an interesting direction that, in the future, may become
an important element of the treatment for patients with AR or rhinosinusitis who live in
areas characterized by higher PM2.5 concentrations. More research is needed to develop
and confirm the importance of this kind of potential medical intervention to fight the
PM2.5-induced negative effects on the epithelia of the nasal and paranasal sinuses.

5. Conclusions

PM2.5 particles are certainly not only harmful to the lower respiratory tract, but
also to the upper respiratory tract. High concentrations of PM2.5 potentially disrupt the
organization of the nasal epithelium by damaging the intercellular connections, altering
mitochondria metabolism, and increasing oxidative stress. Moreover, MCC, which is the
main protective mechanism of the upper respiratory tract, may be altered due to PM2.5
exposure, ultimately leading to even more damage. People suffering from conditions such
as AR and rhinosinusitis are particularly endangered by higher PM2.5 concentrations due
to their potential contribution to the exacerbation of these conditions. There is also evidence
that PM2.5 may contribute to the initial sensitization that may lead to AR development.
In light of such evidence, there is a great need to develop new strategies against PM2.5
particles. More research is needed to better understand the mechanisms that are involved
in the adverse effects of PM2.5 and to develop effective therapeutic strategies.
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Abbreviations

AhR Aryl hydrocarbon receptor
AJs Adherence junctions
AKT Protein kinase B
AMPKα AMP-activated protein kinase alpha
AR Allergic rhinitis
ARIA Allergic Rhinitis and its impact on Asthma classification
BC Black carbon
CAT Catalase
CBF Ciliary beat frequency
CCL20 Chemokine (C-C motif) ligand 20
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CLDN Claudin
CLDN-1 Claudin-1
CLDN-4 Claudin-4
CLDN-7 Claudin-7
CO Carbon monoxide
COPD Chronic obstructive pulmonary disease
COVID-19 Coronavirus disease 2019
CRS Chronic rhinosinusitis
CRSsNP Chronic rhinosinusitis without nasal polyps
CRSwNP Chronic rhinosinusitis with nasal polyps
DCs Dendritic cells
DNA Deoxyribonucleic acid
DNMT DNA methyltransferase
Drp1 Dynamin-related protein 1
ECP Eosinophil cationic protein
ECs Epithelial cells
EGFR Epidermal growth factor receptor
ERK Extracellular signal-activated kinase
Fis1 Mitochondrial fission 1 protein
FTH1 Ferritin heavy chain 1
FTL Ferritin light chain
GATA-3 GATA binding protein 3
GM-CSF Granulocyte–macrophage colony-stimulating factor
GPx4 Glutathione peroxidase 4
GRα Glucocorticoid receptor-alpha
GSH-Px Glutathione peroxidase
H&E Hematoxylin and eosin
HNEpCs Human nasal epithelial cells
ICAM-1 Intercellular adhesion molecule 1
IgE Immunoglobulin E
IL-1α Interleukin-1 alpha
IL-1 β Interleukin-1 beta
IL-4 Interleukin 4
IL-5 Interleukin 5
IL-6 Interleukin 6
IL-8 Interleukin 8
IL-10 Interleukin 10
IL-12p40 The p40 subunit of interleukin 12
IL-13 Interleukin 13
IL-17 Interleukin 17
IL-25 Interleukin 25
IL-33 Interleukin 33
ILC2s Group 2 innate lymphoid cells
IFN-γ Interferon gamma
MCC Mucociliary clearance
MDA Malondialdehyde
MFN1 Mitofusin 1
miR microRNA
mRNAs Messenger ribonucleic acid
mTOR Mammalian target of rapamycin
MUC5A Mucin 5A
MUC5B Mucin 5B
MUC5AC Mucin 5AC
NaCl Sodium chloride
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLF Nasal lavage fluid
NO2 Nitrogen dioxide
Nrf2 Nuclear factor erythroid 2-related factor 2
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OPA1 Mitochondrial dynamin-like GTPase
OVA Ovalbumin
PI3K Phosphoinositide 3-kinase
PM Particulate matter
ROS Reactive oxygen species
RosA Rosmarinic acid
SO2 Sulfur dioxide
SOD Superoxide dismutase
Sos1 Son of sevenless 1
T-bet T-box transcription factor TBX21
TGF-β1 Transforming growth factor beta 1
Th1 T helper 1 cells
Th2 T helper 2 cells
Th17 T helper 17 cells
Treg T regulatory cells
TIMP-1 Tissue inhibitor of metalloproteinase
TJs Tight junctions
TNF-α Tumor necrosis factor alpha
TSLP Thymic stromal lymphopoietin
UA Ursolic Acid
UBE2Q1 A member of ubiquitin-conjugating enzyme family
VCAM-1 Vascular cell adhesion molecule 1
WHO World Health Organization
xCT SLC7A11—cystine/glutamate antiporter
ZO Zonula occludens
ZO-1 Zonula occludens 1
ZO-2 Zonula occludens 2
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