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Airborne microplastics: a trojan horse for respiratory dysfunction
and multiorgan damage
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Abstract

Microplastics (MPs), a class of pollutants, have emerged as a
global challenge impacting both ecosystems and human health.
Over recent decades, extensive research has been conducted to
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assess their presence across aquatic, terrestrial, and atmospheric
environments. The pervasive accumulation of MPs, resulting from
both excessive plastic consumption and inefficient waste manage-
ment, has established ingestion (via the food chain) and inhalation
(via ambient air) as primary routes of human exposure. While
numerous studies have investigated the effects of ingested MPs,
research on inhaled particles and their respiratory system impacts
remains comparatively limited. Owing to their diminutive size,
with MPs ranging from 1 um to 5 mm and Nanoplastics (NPs)
being smaller than 1 pum, they can penetrate bronchioles and pul-
monary alveoli, eliciting both localized effects (e.g., inflammatory
responses, oxidative stress) and systemic consequences. Notably,
studies demonstrate that MPs can traverse the Blood-Brain Barrier
(BBB), inducing neurotoxic effects. This review provides an
overview of MPs’ environmental impact and their documented
effects on major human organs and tissues, with a focused analysis
on the respiratory system. Specifically, we evaluate epidemiolog-
ical studies and in vitro experimental models employed to eluci-
date the mechanisms by which MPs may contribute to chronic res-
piratory disease pathogenesis.

Introduction

Over the past decades, the widespread production and improper
disposal of plastic waste have led to growing concerns about plastic
pollution and its potential consequences for both human health and
the environment. Plastics are synthetic polymers synthesized from
monomers derived from petrochemical sources, such as oil or gas,
often incorporating a range of chemical additives to modify their
characteristics.! Polymers commonly found in commercial products
include materials like Polypropylene (PP), Polyethylene (PE),
Polyethylene Terephthalate (PET), Polystyrene (PS), and Polyvinyl
Chloride (PVC).2 Once released into the environment, these materi-
als can be fragmented through physical or chemical processes. In
recent years, Microplastics (MPs) and Nanoplastics (NPs) have
emerged as pollutants of particular concern. MPs are typically
defined as plastic particles ranging from 1 um to 5 mm, while NPs
are generally considered to be smaller than 1 um.? Nonetheless, the
absence of a universally accepted size classification (some sources
define NPs as smaller than 100 nm, others extend the boundary to
1000 nm) has introduced a degree of ambiguity in the literature,
making it harder to compare studies, develop accurate detection
methods, and establish clear regulations.* MPs can also be catego-
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rized based on their origin: primary microplastics are intentionally
produced at microscopic sizes, whereas secondary microplastics are
those originating from the fragmentation of larger plastic wastes,
which can happen over time in both aquatic or terrestrial environ-
ment.’ The detection of these particles presents significant chal-
lenges due to their small sizes, complicating monitoring efforts.
Moreover, these tiny particles are highly mobile and can be distrib-
uted throughout different compartments of the environment, such as
the air, soil, and water. Approximately 65 million microplastic parti-
cles are estimated to be released into water on a daily basis as a result
of activities taking place at wastewater treatment facilities.® Despite
ongoing efforts to improve wastewater filtration and management, a
substantial number of MPs originating from domestic, industrial,
and personal care products continues to pass through treatment facil-
ities and enter aquatic environments, exacerbating the contamination
of rivers, lakes, and oceans.” The COVID-19 pandemic significantly
worsened the already critical issue of plastic pollution due to the
widespread use of Personal Protective Equipment (PPE), including
single-use masks and gloves. In addition, the predominance of plas-
tic in medical devices and equipment further increased the amount
of plastic waste generated during the global health crisis.® In this
context, it has been estimated that during the COVID-19 outbreak in
Wauhan, China, medical waste sharply increased from 40 tons/day to
nearly 240 tons/day at its peak, exceeding the incineration limit of
49 tons/day and challenging the capacity of waste management sys-
tems.” Indeed, globally, poor management of plastic waste remains
one of the major environmental challenges, contributing significant-
ly to plastic pollution and bringing waste disposal systems under
increasing pressure.’

Plastic constitutes the largest portion of marine debris; for
example, it was seen that in 2017 more than eight million tons of
plastic waste were released into the oceans, an amount that is 33
times greater than the total plastic accumulated in the oceans by
2015.10 Moreover, recent estimates indicate that by 2020, approxi-
mately 3 to 11 million metric tonnes of plastic had accumulated on
the seafloor, highlighting the critical role of the deep ocean as a
long-term reservoir for plastic pollution.!' Studies have shown that
MPs are nearly ubiquitous in marine environments, and due to their
ability to easily move across trophic levels in the food chain, they
have a significant impact also on the health of marine animals.!0-13
In addition, it has been reported that they can act as carriers of
antibiotic resistance genes, presenting additional significant risks to
both humans and aquatic ecosystems.!4 Microplastic impact on ter-
restrial ecosystems has also been extensively studied and docu-
mented, with agricultural practices identified as one of the primary
sources of soil contamination.>!> As demonstrated by De Souza
Machado et al.,'® MPs in soil can alter crucial physical properties
such as bulk density and water retention. Lastly, the atmosphere has
a pivotal role in the dispersion of MPs. Processes such as atmos-
pheric circulation and both wet and dry deposition are mechanisms
through which plastic particles originating from land-based sources
can disperse into other environmental compartments.? Although the
presence and abundance of MPs have been extensively investigated
in many environmental settings, especially in aquatic ecosystems,
studies focusing specifically on the occurrence and characterization
of MPs in the atmosphere remain limited. In 2015, Dris ef al. iden-
tified MPs (mainly fibers) in atmospheric fallout for the first time.
Their study also provided insights into the types and sizes of MPs,
specifically within the 100-5000 um range.!” Recently, interest in
atmospheric MPs has increased, with studies identifying airborne
MPs across diverse environments. These include urban areas glob-
ally,'820 indoor spaces,?’?2 and even remote terrestrial regions.?
However, the characterization of airborne MPs and NPs, particular-
ly in aerosol samples, represents a challenging task due to their
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small size and the limitations of current analytical instruments. As
a result, there is a lack of comprehensive studies focusing on the
chemical composition and distribution of airborne MPs.

In 2022, Yao and colleagues conducted a study in northern New
Jersey where they characterized microplastic particles in indoor and
outdoor air samples. They identified diverse MPs forms, such as
fibers and fragments, and attributed their major sources to textiles
and other household products. These results indicate that microplas-
tic particles are readily abundant in urban air, posing potential risks
to both human health and the environment.2* A 2023 study by Tatsii
et al. further explored the role of MPs shape in atmospheric trans-
port, revealing that MPs fibers can travel longer distances and
remain airborne longer than other shapes of MPs. This property sig-
nificantly enhances their ability to disperse across various environ-
ments.?> Most concerning is the potential impact of MPs on human
health since these particles can enter the human body through vari-
ous routes, including inhalation, ingestion, and dermal contact.2
Thus far, most studies on human exposure to MPs have primarily
focused on the gastrointestinal effects resulting from ingesting these
particles through food and water.2”-2® However, recent studies indi-
cate that the level of human exposure through inhalation may be two
to three times greater than that through ingestion.?® The presence of
plastic fibers in human lungs was first documented by Pauly ez al. in
1998.30 Later, in 2021, Amato et al. identified and characterized
environmental MPs in human lung tissue obtained from autopsies.?!
Their findings revealed that degraded particles from commonly used
plastics, such as PP and PE, were most prevalent in lung tissue sam-
ples. This provided strong evidence of the impact of MPs, present in
the air we breathe, on the respiratory system where the lungs serve
as a site for the accumulation of these air pollutants.’! Despite the
growing attention to airborne MPs, progress in this research field has
been significantly constrained by methodological inconsistencies.
As Zhang et al. pointed out, the lack of standardized protocols, com-
bined with the technical challenges of analyzing microscopic plastic
particles, has led to differences in sample collection approaches
(e.g., active air sampling, passive sampling, or analysis of settled
dust), handling, and pretreatment, complicating the comparability of
data across studies.?? To date, standard analytical tools employed for
MPs detection and characterization include optical and fluorescence
microscopy, Fourier-Transform Infrared (FTIR) and Raman spec-
troscopy, alongside thermal analytical methods such as pyrolysis-
Gas Chromatography/Mass Spectrometry (pyrolysis-GC/MS).33

Due to the urgent need for standardized protocols, Kadija et al.
developed a reproducible method for analyzing airborne MPs. Their
approach combines sonication, oxidative digestion with 15% H,0,
at 70°C, and density separation using ZnCl,. This method preserves
particle integrity and completes sample processing within two days,
offering a promising step toward greater methodological consistency
and improved data comparability in the field.>*

Although several in vitro models have been used to study the
effects of MPs on the respiratory tract, such as immortalized cell
lines (e.g., A549 and BEAS-2B), human airway organoids, and pri-
mary human respiratory epithelial cells, the main problem lies in the
significant gap in understanding the molecular mechanisms and the
real implications of MPs on human health.3> Although their effects
are still under investigation, studies indicate that plastic particles
may negatively impact cells by causing oxidative damage, triggering
inflammation, potentially damaging genetic material, and disrupting
the endocrine system.3938 Notably, increased production of Reactive
Oxygen Species (ROS) can lead to inflammation, mitochondrial
dysfunction, and even programmed cell death, potentially increasing
the risk of cancer.3¢ Despite growing evidence of the adverse effects
of MPs on cellular structures and functions, and considering that the
respiratory system is a direct and easily accessible pathway for air-
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borne MPs, research regarding the respiratory system remains limit-
ed. To address this knowledge gap, this review aims to analyze the
documented health risks associated with MPs, with a particular
focus on the respiratory system, given the ease with which airborne
MPs can be inhaled. Therefore, a better understanding of the inter-
action of MPs with the respiratory system is critical to the investiga-
tion of their long-term impact on human health, which in turn paves
the way for more effective mitigation strategies and public health
interventions.

Microplastics effects on human health

The ubiquitous presence of MPs in the environment has raised
significant concerns regarding their potential effects on human
health. Although MPs primarily enter the human body through the
intestinal, dermal, and respiratory tracts, they have been detected in
various anatomical sites and biological fluids, suggesting their
translocation to organs and tissues beyond the initial entry points.
This translocation can trigger oxidative stress, inflammatory respons-
es, and cytotoxic processes.>**0 Specifically, MPs ingested daily with
food accumulate in the gut, where they can compromise the integrity
of the intestinal barrier by altering metabolic functions and triggering
chronic inflammatory processes. Notably, only a small fraction of
ingested MPs is absorbed, while the majority is excreted through
feces.*! Studies in murine models have demonstrated that exposure to
polystyrene MPs (PS-MPs) disrupts intestinal epithelial tight junc-
tions, leading to dysregulated substance passage. In particular, Su and
colleagues demonstrated that 4-week administration of MPs-PS alters
gene expression of tight junctions in the jejunum and duodenum and
the composition of the intestinal flora.*> Similar results were obtained
in another study in which it was shown that administering PS-MPs
for 28 days causes increased intestinal permeability and reduced
mucus production due to the downregulation of tight junction pro-
teins such as zona occludens-1 (ZO-1), occludin (OCLN) and
claudin-1 (CLDN-1) at the colon level.** The same study revealed
that MPs can induce oxidative stress by impairing the function of the
intestinal barrier via the ROS-dependent Nuclear Factor kappa-light-
chain-enhancer of activated B cells (NF-«kB)/Nucleotide-Binding
Oligomerization Domain (NOD)-like receptor family pyrin domain
containing 3 (NLRP3)/Interleukin-1 beta (IL-1B)/Myosin Light
Chain Kinase (MLCK) pathway.

The damaging effects of MPs are also associated with their
chemical components. Histological studies in mouse models have
shown that exposure to MPs in polyethylene at high concentrations
(600 pg/mL) is associated with disintegration and atrophy of the
intestinal villi. This condition was also associated with severe
weight loss in mice due to reduced absorption of essential nutrients
such as vitamins and folates.** MPs with a diameter between 1 and
10 pm can penetrate the intestinal barrier, impair colic function and
alter the composition of the microbiota.*>4¢ In particular, Chen and
colleagues demonstrated that the accumulation of MPs is associat-
ed with a reduction in Actinobacteria and an increase in the genera
Muribaculum, Akkermansia, Anaerostipes and Prevotella,
microorganisms related to intestinal barrier dysfunction and the
triggering of inflammatory processes. The same study shows that
the accumulation of MPs causes a reduction in the expression of
genes associated with mucus production, such as Mucl, Muc2 and
Kf14.46 Similar results were obtained with in vitro studies, which
demonstrated a correlation between MPs hyperaccumulation and
dysfunction of the gut microbiota.*” MPs accumulation seems to
be associated with chronic inflammatory diseases such as Chron’s
disease.*® Yan and colleagues*® found a positive correlation
between MPs concentration in faecal samples from patients with
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Inflammatory Bowel Disease (IBD) compared to control patients,
while Wu et al. demonstrated a positive correlation between intes-
tinal fibrosis in patients with Chron’s disease and MPs concentra-
tion in the ileum emphasising the close correlation between MPs
and disease progression.*

Given the close correlation between the gut and liver, it is
clear how intestinal imbalances can affect also liver function.
Indeed, numerous studies document the hepatocytotoxic role of
ingested MPs and their ability to induce both disturbances in lipid
metabolism and in the circulation of biochemical markers relating
to liver function and fibrosis-related proteins.®® In a study con-
ducted by Chen and colleagues, the effect of chronic exposure to
PVC-MPs of a size of 0.2 pm and a concentration of 0.5 mg/day
was evaluated.*0

Furthermore, biochemical investigations showed a significant
increase in circulating Alanine Aminotransferase (ALT) and
Aspartate Aminotransferase (AST) levels indicative of liver damage
and activation of the Phosphatidylinositol 3-Kinase (PIK3K)/
Protein Kinase B (PKB) signalling pathway associated with apopto-
sis and oxidative stress. The same study showed alterations in lipid
metabolism with reductions in triglycerides and bile acids, and
downregulation in Peroxisome Proliferator-Activated Receptor
gamma (PPARY) was observed.’!

The role of MPs in liver fibrosis was further confirmed in a
study using both mouse models and stabilized liver cell lines. This
study showed that the accumulation of MPs less than 1pm (1 mg/L)
for 60 days could activate the Cyclic GMP-AMP synthase
(cGAS)/Stimulator of Interferon Genes (STING) pathway and trig-
ger a chronic inflammatory response leading to the synthesis of
fibrosis-associated proteins such as Alpha-smooth muscle actin (o~
SMA) and fibronectin.>

Additionally, MPs have been shown to activate the immune sys-
tem, leading to the formation of Macrophage Extracellular Traps
(METs), which exacerbate liver inflammation and damage.>

An interesting study conducted in 2022 correlates the dysfunc-
tion of liver metabolism with the triggering of ferroptosis and apop-
totic mechanisms in the cerebellum. The study was conducted on
chickens exposed to PS-MPs for 6 weeks. PS-MPs  alter hepatic glu-
tamine metabolism, increasing the synthesis of glutamate and other
oxidising compounds. The latter can cross the Blood-Brain Barrier
(BBB) causing neurotoxicity and reducing Purkinje cell numbers.
Importantly, MPs that cross the BBB appear to be capable of impair-
ing learning.* This was demonstrated in a study in which MPs-
induced oxidative stress was associated with increased
Acetylcholinesterase (AchE) activity and a decrease in acetylcholine
and Choline Acetyltransferase (ChAT), impairing cognitive func-
tion.> Furthermore, MP exposure led to elevated levels of ROS and
Malondialdehyde (MDA), alongside reduced Glutathione (GSH)
levels, resulting in brain damage. The cAMP Response Element-
Binding Protein (CREB)/Brain-Derived Neurotrophic Factor
(BDNF) pathway, crucial for long-term memory, was also signifi-
cantly impaired.>?

The second route of entry for MPs is by inhalation. The toxic
effects of MPs in the brain have also been shown following inhala-
tion. A recent study on cadavers showed that MPs could accumulate
in the olfactory bulb, suggesting that this may be a direct route of
entry into the brain.>® Another study on subjects exposed to PS-MPs
found a high concentration in the blood with the presence of neuro-
logical symptoms, suggesting a possible correlation with MPs
inhalation.>” Also related to MPs-PS inhalation, a study conducted
on a cohort of employees of a plastics factory showed a very high
concentration of their metabolites, Maleic Acid (MA) and
Polyglutamic Acid (PGA), in urine, as well as mutations in DNA

associated with genotoxic damage.’8
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Focus on the effects of MPs in the respiratory
system

In recent years, increasing attention has been directed toward
the respiratory consequences of inhaling MPs and NPs from con-
taminated air. Due to their reduced size, inhaled NPs can accumu-
late in the lungs and become internalized by alveolar epithelial
cells, posing a potential risk factor for respiratory diseases.> The
alveolar surface, spanning approximately 150 m? with a thin tissue
barrier, facilitates NP penetration into capillaries, enabling sys-
temic dissemination.®® Upon inhalation, plastic particles >10 um
predominantly deposit in the upper airways, while those <10 pm
reach the bronchioles, and ultrafine particles (<0.1 pm) penetrate
the alveoli. Absorption of smaller MPs via the alveolar epithelium
can induce systemic inflammation through the production of pro-
inflammatory factors.®! In 2023, the detection of MPs in human
bloodstreams raised concerns about the long-term safety of air-
borne plastic exposure and underscored the urgency of regulatory
measures to mitigate atmospheric plastic emissions.®! Human bio-
monitoring studies have demonstrated that MPs in lung tissue
induce chronic inflammation, mirroring pathological features
observed in asthma and Chronic Obstructive Pulmonary Disease
(COPD).®2 Prolonged MPs exposure has also been linked to pul-
monary fibrosis.®> A 2020 clinical case reported hypersensitivity
pneumonitis in an individual employed in PET production from
1992 to 2013, with occupational exposure to terephthalic acid and
dimethyl terephthalate, precursors in PET synthesis, identified as
the causative agents. This marked the first documented case of
Occupational Hypersensitivity Pneumonitis (OHP) associated with
PET production.®*

Numerous clinical reports further corroborate the development
of respiratory pathologies following prolonged plastic exposure.
The role of MNPs in asthma pathogenesis remains unclear. Chen et

al.% addressed this gap by comparing Micro- and Nano-plastics
(MNP) levels in Bronchoalveolar Lavage Fluid (BALF) between
children with Community-Acquired Pneumonia (CAP) and asthma.
While severe CAP cases exhibited higher MNP prevalence, no sig-
nificant differences were observed between CAP and asthma
cohorts. Notably, microfiber abundance correlated positively with
patient’s age.®> Chronic MPs exposure is associated with long-term
respiratory sequelae, including pulmonary interstitial fibrosis,
chronic pneumonia, and lung cancer, particularly in occupationally
exposed or susceptible populations.>® A recent cohort study analyz-
ing sputum, BALF, and pleural fluid confirmed inhalation as the
primary MPs entry route into the respiratory system, with deposi-
tion patterns influenced by particle size, shape, occupational expo-
sure, and smoking status.®® In vitro studies have elucidated MNP
mechanisms in airway toxicity. Traversa ef al>® exposed human
bronchial (BEAS-2B) and alveolar (A549) epithelial cells to poly-
ethylene MNPs (25-100 pg/mL) for 24 hours, observing dose-
dependent morphological changes and elevated oxidative stress via
immune defense suppression. Similarly, polystyrene particles dis-
rupted barrier integrity in BEAS2B cells, exhibiting pro-inflamma-
tory and cytotoxic effects.%” Although no studies have directly com-
pared MNP levels in lung tissue between healthy individuals and
COPD patients, smoking, a primary COPD risk factor, has been
linked to elevated MPs exposure. Lu et al.%8 detected MPs (20-500
um) in cigarette smoke and found higher concentrations in smok-
ers’ BALF versus non-smokers. Huang et al.% similarly reported
increased MPs in sputum from smokers and COPD patients com-
pared to controls. /n vitro models further implicate MNPs in COPD
pathogenesis: polystyrene microparticles reduced ol-antitrypsin
expression in bronchial epithelial cells,”® while nanoparticles repli-
cated this effect in a lung-on-a-chip system, highlighting MNPs’
role in compromising protease-antiprotease balance.”! Finally, a
schematic representation of the major adverse effects of MPs on the
respiratory system are summarized in Figure 1.
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Figure 1. Schematic representation of the effects of microplastics (MPs) in the respiratory system. Urban and industrial emissions con-
tribute to the presence of MPs in the air, which once inhaled can cause inflammation, oxidative stress, lung fibrosis and pro-inflammatory

and cytotoxic effects. (Created with Biorender).
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Conclusions

Only in recent decades the scientific community has focused
attention on the problem of plastic pollution for human health. The
aim of this review was to summarize the current evidence on the
environmental distribution of MPs, their routes of human exposure
and, most importantly, their effects on respiratory health since,
while ingestion has long been recognized as a major route of expo-
sure, inhalation of airborne MPs has only recently begun to receive
the attention of the scientific community. Airborne MPs, due to
their small size, can reach deeper regions of the respiratory tract,
where they interact with epithelial and immune cells, triggering
inflammatory responses, oxidative stress and potential long-term
pathological changes. In particular, their ability to translocate from
the lungs to the systemic circulation raises additional concerns
about their multiorgan toxicity, including their impact on the gut,
liver, and central nervous system. Despite growing awareness, sev-
eral challenges limit our understanding of the true extent of MPs
toxicity. Methodological inconsistencies in sampling, detection,
and analysis, along with the predominant use of in vitro and animal
models, limit the current understanding of MPs’ negative effects.
To overcome these challenges, future research should adopt stan-
dardized analytical protocols and more advanced biological sys-
tems, such as 3D airway models and organ-on-chip platforms, that
better reflect human physiology. A deeper understanding of the
molecular and cellular effects of MPs will be essential to develop
effective public health interventions.
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