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Abstract

Purpose of Review Environmental pollutants contribute to the pathogenesis of numerous diseases including chronic cardio-
vascular, respiratory, and neurodegenerative diseases, among others. Emerging evidence suggests that extracellular vesicles
(EVs) may mediate the association of environmental exposures with chronic diseases. The purpose of this review is to
describe the impact of common environmental exposures on EVs and their role in linking environmental pollutants to the
pathogenesis of chronic systemic diseases.

Recent Findings Common environmental pollutants including particulate matter, tobacco smoke, and chemical pollutants
trigger the release of EVs from multiple systems in the body. Existing research has focused primarily on air pollutants, which
alter EV production and release in the lungs and systemic circulation. Air pollutants also impact the selective loading of EV
cargo including microRNA and proteins, which modify the cellular function in recipient cells. As a result, pollutant-induced
EVs often contribute to a pro-inflammatory and pro-thrombotic milieu, which increases the risk of pollutant-related diseases
including obstructive lung diseases, cardiovascular disease, neurodegenerative diseases, and lung cancer.

Summary Common environmental exposures are associated with multifaceted changes in EVs that lead to functional altera-
tions in recipient cells and contribute to the pathogenesis of chronic systemic diseases. EVs may represent emerging targets
for the prevention and treatment of diseases that stem from environmental exposures. However, novel research is required
to expand our knowledge of the biological action of EV cargo, elucidate determinants of EV release, and fully understand
the impact of environmental pollutants on human health.
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Introduction

Environmental exposures including air pollution, tobacco
smoke, metals, and chemicals have wide systemic effects
and contribute to the pathogenesis of chronic respiratory
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In addition to cellular waste management, EVs contribute
to intercellular communication through the transmission of
molecular cargo including proteins, lipids, and non-coding
microRNAs (miRNAs) (Fig. 1) from the cell of origin
to the cell of uptake. EVs are released by cells into their
surroundings, including biofluids, and can be internalized
by neighboring cells and by distant cells in the body, and in
turn, EV cargo can be released into recipient cells. Studies
of EV uptake have shown that EV cargo can be biologically
active and potentially influence the phenotype of recipient
cells [3].

Prior research has shown that particle inhalation stim-
ulates the release of EVs [4], which can travel across the
pulmonary bed and a trigger a systemic pro-inflammatory
response [5]. EVs have accordingly been implicated in the
pathophysiology of chronic inflammatory lung diseases and
various types of cancer and have been proposed as potential
biomarkers between environmental exposures and chronic
systemic diseases [6]. This review provides an overview of
the impact of environmental exposures on EV biology and
describes the role of EVs in linking environmental pollutants
to the pathogenesis of chronic respiratory, cardiovascular,
and neurodegenerative diseases.

Environmental Exposures and Extracellular
Vesicles

Particulate Matter Air Pollution

Particulate matter (PM) is a mixture of aerosolized solid
particles and liquid droplets that are generated by emissions
from industrial facilities and motor vehicles [7]. Fine PM
(diameter <2.5 pm (PM, 5)) is small enough to deposit in the
small airways of the lungs and generates a local inflamma-
tory response [8, 9]. PM exposure also stimulates the release
of EVs, which may contribute to local and systemic effects
of PM exposure (Fig. 2) [10].

Alveolar macrophages constitute the first line of
defense against inhaled fine particles and release EVs in
a dose-dependent manner [11]. A recent in vitro study
demonstrated that macrophage-derived EVs stimulated
respiratory epithelial cells to release inflammatory cytokines
including interleukin-6 (IL-6) and tumor necrosis factor-o
(TNF-a) [12]. A separate study demonstrated that direct PM
exposure triggered EV release from respiratory epithelial
cells [13]. Lung-derived EVs may in turn contribute to
the pathogenesis of chronic respiratory diseases after
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Fig. 1 Extracellular vesicle formation and cargo. Extracellular
vesicles (EVs) range in size from 30 to 1000 nm and form through
different mechanisms. Smaller exosomes are generated from inward
budding of the endosomal membrane while larger microvesicles
and microparticles form through outward budding of the plasma
membrane. The outer EV membrane contains lipid particles and
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transmembrane proteins that are altered in response to environmental
exposures. EVs also contain biologically active cargo including
proteins, microRNAs, and mRNAs that mediate systemic effects after
exposure to environmental pollutants. EVs are also known to contain
metabolites, transfer RNAs (tRNAs), and mitochondrial DNA. This
figure was created with BioRender.com
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Fig.2 Conceptual model of particulate matter inhalation, EV signaling,
and resulting systemic disease. Particulate matter inhalation triggers
alveolar macrophages and alveolar epithelial cells in the lungs to
release large quantities of pro-inflammatory EVs. Ultrafine particles
also translocate through the lungs into the systemic circulation
and trigger the release of EVs from endothelial cells, platelets, and

PM exposure. A recent in vitro study demonstrated that
bronchial epithelial cells treated with PM, 5 secreted EVs
that increased contractility of bronchial smooth muscle cells
and contributed to airway hyperresponsiveness (Table 1)
[14]. Accordingly, a follow-up study in mice demonstrated
that PM-treated mice with PM-related EV release
experienced exaggerated asthma symptoms. The same study
also found that PM-related EV-miRNAs were overexpressed
in the plasma of children with asthma [14]. Thus, EVs may
mediate the relationship between PM exposure and reactive
airways disease.

PM exposure also triggers the release of exosomes that
may contribute to lung cancer development. A recent in vitro
study demonstrated that PM, 5 exposure induced differen-
tial expression of exosomal miRNAs that contributed to
tumorigenesis [15]. In subsequent animal models, chronic

and atherogenesis neurodegeneration

circulating blood leukocytes, in addition to other organs including
the brain. EVs amplify the production of inflammatory cytokines,
generating lung damage, endothelial injury, and systemic diseases
including obstructive lung disease, lung cancer, cardiovascular disease,
and neurodegenerative diseases, among others. This figure was created
with BioRender.com

PM exposure triggered differential EV-miRNA expression
that was tied to atypical bronchial epithelial cell hyperpla-
sia, a precancerous lesion, in the airways of PM-exposed
mice [15]. In a separate study, lung cancer cells treated with
PM, 5 secreted exosomes that promoted tumor cell prolif-
eration and tumor progression [16]. Thus, PM exposure
may increase lung cancer risk in part through the release of
tumorigenic EVs.

In addition to triggering the release of EVs that produce
local effects in the lungs, PM exposure generates the release
of blood-borne EVs that may exert systemic effects [10]. In
a population-based study of adults, short-term PM expo-
sure resulted in increased release of EVs into the blood-
stream [4]. In a separate study of long-term ambient PM, s
exposure, prolonged exposure was strongly associated with
increased levels of circulating EVs in adults [17]. In a third
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Table 1 Summary of studies investigating the effects of particulate matter exposure on extracellular vesicle release and function throughout the

body

Cell of origin

Reference

Summary

Physiologic effect

Alveolar macrophages

Bronchial epithelial cells

Endothelial cells

Platelets

Neuronal macrophages

Microglial cells

Martin et al. [12] PM-exposed alveolar macrophages release EVs

Zheng et al. [14]

Wang et al. [15]

Neri et al. [20]

Kong et al. [21]

Liu et al. [26]

Chen et al. [27]

in a dose-dependent manner

PM-treated bronchial epithelial cells secrete
EVs that increase the contractility of bron-
chial smooth muscle cells

PM exposure induces differential expression
of EV-miRNAs that generate bronchial cell
hyperplasia

PM exposure triggers the release of endothelial-
derived microparticles that express functional
tissue factor

PM exposure stimulates EV release from
platelets

PM-treated neuronal macrophages release EVs
with increased glutaminase protein

Microglial cells exposed to PM release EVs
that increase glutamate generation in neuronal

Macrophage-derived EVs trigger the release of
inflammatory cytokines in the lungs

Increased contractility generates airway hyper-
responsiveness and asthma symptoms

PM-treated bronchial epithelial cells exhibit
increased tumorigenesis

Pro-thrombotic microparticles activate blood
coagulation and thrombosis

Platelet-derived EVs increase pro-inflammatory
cytokines, induce vascular injury, and acceler-
ate vascular thrombosis

EV glutaminase increases macrophage produc-
tion of glutaminate, which induces neuronal
injury

Glutamate has a direct neurotoxic effect and
triggers neurodegeneration

cells

EV, extracellular vesicle; EV-miRNA, EV-encapsulated microRNA; PM, particulate matter

study, PM, 5 exposure was associated with upregulation of
EV-miRNAs involved in pathways related to cardiovascular
disease pathogenesis including vascular inflammation and
atherosclerosis [18]. A separate population-based study
showed that long-term PM, 5 exposure increased circulating
EV-miRNAs that amplified the magnitude of the association
between PM, 5 exposure and elevated systolic blood pres-
sure in adults [19]. Together, these studies suggest that PM
exposure may trigger the release of circulating EV-miRNAs
that modulate cardiovascular risk factors.

PM exposure may additionally modify cardiovascular
disease risk by augmenting coagulation pathways. A
prior in vitro study showed that PM exposure triggered
microparticle release from blood and endothelial cells
[20]. Endothelial-derived microparticles expressed
functional tissue factor, and thereby exerted a pro-
thrombotic effect through their ability to activate blood
coagulation. In a separate study, PM stimulated EV release
from platelets in vitro, which increased pro-inflammatory
cytokines, induced vascular endothelial injury, and
accelerated vascular thrombosis [21]. Animal models have
recapitulated the impact of PM exposure on coagulation
pathways. In a mouse model, PM exposure triggered the
upregulation of platelet-derived microparticles, which
contributed to a systemic pro-coagulant response [22].
A population-based study accordingly demonstrated that
short-term PM exposure was associated with increased
release of EV-miRNAs that increase blood fibrinogen
levels, which is a marker of hypercoagulability [23]. A
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second study similarly showed that long-term PM exposure
was associated with the expression of EV-miRNAs that
alter pro-coagulant factors including endogenous thrombin
[5]. In a separate longitudinal study of adults with
diabetes, PM exposure increased pro-coagulant platelet-
derived EVs with increased tissue factor expression [24].
PM exposure may therefore create a pro-thrombotic milieu
through increases in the number and pro-coagulant effect
of EVs. Hypercoagulability is linked in turn to an array of
PM-associated diseases including cardiovascular disease
and cerebrovascular disease [25].

In addition to increasing thrombotic risk, PM exposure
triggers the release of EVs that may have direct neurotoxic
effects. A recent in vitro study demonstrated that neuronal
macrophages treated with PM, s released EVs with increased
glutaminase protein levels [26]. EV glutaminase stimulated
glutamate production in macrophages, which has a direct
neurotoxic effect. Accordingly, a separate study demon-
strated that PM, 5 triggered EV release from microglial cells
in mice, which thereby increased glutaminase expression
and glutamate generation in mouse neurons [27]. Increased
glutamate is associated with neurodegeneration and may
be attributed to glutaminase-containing EVs released in
response to PM exposure.

Non-particulate Air Pollution

While the particulate matter has a significant impact on
long-term health, other tropospheric pollutants also impact
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human health through the release of biologically active EVs.
Ground-level ozone is created when nitrogen oxides and
organic compounds from industrial emissions chemically
react in the presence of UV light [28]. Animal models have
shown that ozone inhalation increased the release of lung-
derived EVs and changed the profile of lung EV-miRNAs,
which may modulate ozone-induced lung inflammation and
airway remodeling [29].

Industrial emissions also generate polycyclic aromatic
hydrocarbons (PAHs), which are a group of organic com-
pounds that contribute to air and soil pollution [30]. In ani-
mal models, PAH inhalation increased the release of the
lung- and endothelial-derived microparticles, which were
associated with endothelial dysfunction, platelet activation,
thrombosis, and inflammation [31]. PAHs are metabolized in
the liver after inhalation and have been shown to impact liver
health. In prior murine models, PAH exposure triggered the
release of hepatocyte-derived EVs, which were associated
with hepatocyte toxicity and hepatic cell death [32]. Thus,
PAH exposure may trigger the release of EVs that modulate
both cardiovascular and liver disease risk.

lonizing Radiation

Ionizing radiation consists of high-energy electromagnetic
waves that stem from natural sources like the sun and man-
made sources like nuclear reactors [33]. Ionizing radiation
is ubiquitous in the environment and can generate DNA and
tissue damage at high levels. In a prior study that exposed
human blood samples to ionizing radiation, gamma rays
altered the protein and miRNA cargo of plasma exosomes
[34]. The radiation-responsive proteins and miRNAs were
previously shown to impact cell cycle progression and prolif-
eration and may play a role in tumorigenesis and invasion of
cancer cells [35]. Thus, EVs may mediate the association of
ionizing radiation with the development of human cancers.

Cigarette Smoke

Cigarette smoking aerosolizes thousands of toxic chemicals
through the combustion of tobacco and chemical additives
[36]. Tobacco smoke is an important risk factor for many
chronic diseases including chronic obstructive pulmonary
disease (COPD), asthma, cardiovascular disease, and lung
cancer [37]. The impact of tobacco smoking on lung and
heart health may be mediated in part by smoking-induced
alterations in lung-derived and circulating EVs.

Cigarette smoking is the primary risk factor for lung
cancer and emerging evidence suggests that smoking may
induce lung carcinogenesis in part through alteration of EV-
miRNA expression (Table 2). In vitro studies have shown
that cigarette smoke-exposed human bronchial epithelial
cells increased the production of exosomal miRNA miR-21,

Table 2 Summary of studies investigating the systemic effects of smoking on extracellular vesicle release and biological function

Physiologic effect

Reference Summary

Cell of origin

Macrophage-derived EVs contribute to emphysematous lung destruc-

EVs released from alveolar macrophages in response to tobacco

Li et al. [40]

Alveolar macrophages

tion

smoke exposure had increased proteolytic activity

Smoking-induced EV-miRNA signaling contributes to lung carcinogen-

Cigarette smoke-exposed bronchial epithelial cells increase the pro-

Bronchial epithelial cells Liu et al. [38]

esis

duction of EV-miRNAs that stimulate malignant transformation

Myofibroblast accumulation contributes to airway remodeling and nar-

EVs derived from smoke-exposed bronchial epithelial cells modify

Fujita et al. [46]

rowing of small airways

lung fibroblasts

Mesenchymal cells generate peribronchial fibrosis and airflow limita-

Smoking-induced EV-miRNAs trigger the epithelial-mesenchymal

Wang et al. [49]

tion

transition in bronchial epithelial cells

Cigarette smoking triggers the systemic release of endothelial-derived Cigarette smoke-related endothelial-derived microparticles induce local

Serban et al. [53]

Endothelial cells

inflammation and emphysema

microparticles

Endothelial-derived microparticles correlate with impaired vasodilation

Cigarette smoking triggers an increase in circulating microparticles

Sinning et al. [59]

and arterial stiffness

derived from endothelial cells

Platelet-derived EV's generate a pro-thrombotic milieu and contribute to

Mobarrez et al. [71] Smoking-related platelet-derived EVs contribute to thrombosis and

Platelets

thrombotic cardiovascular diseases

atherogenesis

EV, extracellular vesicle; EV-miRNA, EV-encapsulated microRNA
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which stimulated angiogenesis and malignant transforma-
tion of bronchial epithelial cells [38]. Murine models con-
firmed that 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NKK), an abundant chemical in nicotine, altered the expres-
sion of two EV-miRNAs that were subsequently upregulated
in the early stages of NNK-induced lung cancer [39]. Thus,
smoking-induced EV-miRNA signaling may contribute or
serve as a biomarker of lung carcinogenesis.

In addition to contributing to lung cancer development,
smoking-induced EVs may play a role in COPD patho-
genesis. In vitro studies have shown that cigarette smoke
exposure stimulates microvesicle release from airway epi-
thelial cells and alveolar macrophages [40]. Microvesicles
released from human macrophages in response to tobacco
smoke exposure had increased proteolytic activity that may
contribute to emphysematous lung destruction in smokers
[41]. Incubation of cigarette smoke-induced microparticles
with lung epithelial cells also generated increased expression
of pro-inflammatory cytokines, which damage lung tissue
and induce airway remodeling [42].

Cigarette smoke exposure also alters EV-miRNA profiles
in human bronchoalveolar lavage fluid [43, 44]. In particular,
cigarette smoking upregulates EV-miRNA miR-21, which is
responsible for myofibroblast differentiation [45]. Accord-
ingly, EVs derived from cigarette smoke-exposed bronchial
epithelial cells modify lung fibroblasts and stimulate dif-
ferentiation into myofibroblasts [46]. Myofibroblast accu-
mulation is a hallmark of COPD and contributes to airway
remodeling and narrowing of small airways [47]. Smoking-
induced exosomal miR-21 also influences the epithelial-
mesenchymal transition in bronchial epithelial cells, which
constitutes destabilization of airway epithelial cells and the
emergence of mesenchymal-epithelial cells. Mesenchymal
cells generate peribronchial fibrosis and airflow limitation,
which are hallmark features of COPD [48]. Murine models
have recapitulated that exosomes derived from the airways
of cigarette smoke-exposed mice modulated the epithelial-
mesenchymal transition, generated acute lung injury, and
caused lung function impairment [49]. Human studies have
additionally confirmed that cigarette smoke alters the com-
position of lipid membrane particles in lung-derived EVs,
which may contribute to smoke-related airway inflammation
[50].

While cigarette smoking triggers EV release in the lungs,
smoking also triggers the release of EVs into the systemic
circulation. Cigarette smoking causes endothelial damage
and endothelial apoptosis in pulmonary capillaries and
triggers the systemic release of endothelial-derived micro-
particles [51]. Endothelial-derived microparticles have
been shown to correlate with lung function impairment
in cigarette smoke-exposed rats [52]. In vitro studies have
shown that endothelial-derived microparticles also impair
macrophage clearance of apoptotic cells, which induces
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local inflammation and lung tissue destruction [53]. Pop-
ulation-based studies have also supported that upregulated
endothelial-derived microparticles correlate with impaired
diffusing capacity and emphysema in smokers [54]. Smok-
ing-induced endothelial-derived EVs also have increased
polyamine metabolites on their outer surface that generate
smooth muscle cell constriction and proliferation, leading
to pulmonary hypertension in smokers [55]. Smoking addi-
tionally alters the profile of plasma-derived EV-miRNA:s,
triggering differential expression of EV-miRNAs that regu-
late cytokine signaling, extracellular matrix deposition, and
airway remodeling [6]. Animal and human models have also
shown that smoking-induced pro-inflammatory cytokines
in the lungs are encapsulated in EVs and transported to
the bloodstream, thereby generating widespread systemic
inflammation [56, 57].

While circulating smoking-related EVs are correlated
with lung function decline, they may also contribute to
hypercoagulability and cardiovascular disease risk. In pop-
ulation-based studies, cigarette smoking triggered an imme-
diate increase in the number of circulating microparticles
derived from endothelial cells, platelets, and circulating
blood leukocytes [58]. Endothelial-derived microparticles
correlate with impaired vasodilation and arterial stiffness
and are independent predictors of cardiovascular disease
[59]. Platelet-derived microparticles contribute to throm-
bosis and atherogenesis and are elevated in patients with
coronary heart disease [60]. Compared to healthy volunteers,
circulating exosomes in smokers also had increased surface
cholesteryl ester transfer protein, which regulates lipid trans-
port and is associated with cardiovascular disease in smok-
ers [61]. Cigarette smoke also stimulates the production of
pro-coagulant EVs with increased tissue factor expression
and increased surface phosphatidylserine, a pro-coagulant
phospholipid [40, 62—64]. In vitro studies have accordingly
shown that cigarette smoke-induced EVs caused faster
and more extensive thrombin generation in human plasma
compared to control EVs [65]. Cigarette smoking addition-
ally alters the EV-miRNA signature in adults and has been
shown to upregulate EV-miRNAs associated with fibrosis
and impaired infarct healing after ischemic injuries [66].
Thus, smoking-associated EVs may function as drivers of
cardiovascular disease risk among individuals with cigarette
smoke exposure.

Electronic Cigarette Smoke

Electronic cigarettes (e-cigarettes) vaporize a base liquid,
which contains nicotine, flavorings, and a mixture of pro-
pylene glycol and vegetable glycerin [67]. Similar to con-
ventional cigarette smoking, the vapor is then inhaled into
the lungs. The chemicals contained in e-cigarettes have been
shown to cause lung disease and cardiovascular disease
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[68]. Emerging evidence has demonstrated that the adverse
health effects associated with e-cigarette use may be medi-
ated in part by circulating EVs [69, 70]. In a randomized
controlled trial, inhaling e-cigarette vapor was associated
with increased levels of circulating endothelial- and platelet-
derived EVs [71]. Platelet-derived EVs expressed platelet
activation and inflammation markers, which are associated
with increased incidence of acute coronary syndrome and
strokes. Increased production of pro-coagulant EVs could
therefore provide a mechanistic link between e-cigarette use
and cardiovascular diseases.

Metals

Metals and metalloids are ubiquitous in the environment and
derive from geologic and anthropogenic sources. Exposure
to metals and metalloids is pervasive in global human popu-
lations, as common sources of exposure include food, drink-
ing water, and air pollution. Several metals and metalloids
including arsenic and manganese have well-characterized
effects on human health and contribute to cardiovascular
disease, cognitive impairment, and cancer incidence [72].
There is emerging evidence that certain metals and metal-
loids alter EV abundance and cargo, which can then propa-
gate the effect of metals through the body to unexposed cells
and generate harmful systemic effects.

Inorganic arsenic is a well-known carcinogen linked to
multiple types of cancer including lung, prostate, and liver
cancer [73]. Arsenic oxidation generates arsenite (As'l),
which is a soluble compound that can contaminate sources
of groundwater [74]. In vitro studies demonstrated that
As'_transformed prostate epithelial cells secreted more
exosomes compared to control cells. In addition, As™ expo-
sure alters the packaging of exosomal miRNA cargo [75].
The exosomes from As™-transformed cells were notably
enriched with pro-oncogenic factors including inflammation-
and apoptosis-related gene transcripts and cancer-related
miRNAs. Accordingly, the exosomes were shown to induce
malignant transformation in recipient cells. In related stud-
ies, As'!l-transformed bronchial epithelial cells and hepatic
epithelial cells similarly exhibited increased expression of
pro-oncogenic and inflammation-related miRNAs [76, 77].
The exosomes derived from these transformed cells induced
proliferation and pro-inflammatory activity in target recipi-
ent cells. Together, these studies show that As'! induces
exosomal changes that play key roles in intercellular com-
munication and tumorigenesis. In addition, As™ but not
methylated arsenic species, has been shown to trigger the
release of pro-coagulant microparticles that alter platelet
activity and stimulate thrombus formation in rats, providing
a potential mechanism for the observed association between
arsenic exposure and cardiovascular disease [78].

Chronic manganese (Mn) exposure causes neurotoxic-
ity and has been linked to neurodegenerative disorders with
symptoms similar to Parkinson’s disease [79]. The pathogen-
esis of many neurodegenerative disorders including Parkin-
son’s disease involves the aggregation of misfolded proteins,
which are transferred from cell to cell via EVs [80]. Mn
exposure induces the neuronal release of exosomes in vitro
with increased expression of miRNAs that regulate inflam-
mation and protein aggregation. In particular, exosomes
from Mn-exposed cells have increased the loading of an
adaptor protein that promotes neuroinflammation [81].
Manganese-exposed neuronal cells also released exosomes
containing misfolded a-synuclein, a neurotoxic protein, and
a key pathological feature of Parkinson’s disease [82]. Func-
tionally, these exosomes also induced neuroinflammatory
and neurodegenerative responses in mice akin to Parkinson’s
disease [81, 82]. Thus, EVs may mediate the association of
manganese exposure with neuroinflammation and neurode-
generative diseases.

Population-based studies have shown that metal expo-
sure during pregnancy alters the expression of EV-miRNAs,
which have been hypothesized to facilitate maternal—fetal
communication [83]. Exposure to barium, cobalt, mercury,
and thallium in early pregnancy was associated with altered
EV-miRNA expression in the blood. Pathway analyses iden-
tified several putative biological pathways associated with
these altered miRNAs, particularly the epidermal growth
factor receptor (EGFR) pathway. EGFR is known to regu-
late placental development and endometrial function in early
pregnancy and could underlie metal-related impacts on preg-
nancy health, though this hypothesis is not yet validated.
Cadmium, molybdenum, nickel, antimony, and tin were not
associated with any blood EV-miRNAs.

Plasticizers (Phenols and Phthalates)

Phthalates and phenols are two classes of synthetic organic
chemicals commonly found in consumer products includ-
ing food contact applications, medical devices, and floor-
ing and wall coverings [84]. Specific phthalate and phenol
compounds such as di(2-ethylhexyl) phthalate (DEHP) and
bisphenol-A (BPA) have well-known endocrine-disrupting
effects and have been associated with adverse reproductive
and cardiometabolic effects. Emerging research suggests
EVs may contribute to the endocrine-disrupting effects of
plasticizer exposures.

In vitro studies have demonstrated that BPA exposure
altered EV-miRNA expression in primary granulosa cells,
which contributes to ovarian follicular development and
oocyte maturation in women [85]. BPA exposure also altered
protein expression in exosomes from placenta explants, and
the implicated proteins have been shown to modulate path-
ways associated with inflammation and placental cellular
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injury [86]. In population-based studies of women undergo-
ing in vitro fertilization (IVF), phthalate exposure was asso-
ciated with altered EV-miRNA expression in the follicular
fluid that surrounds ovarian follicles [87, 88]. These studies
also reported several putative reproductive pathways related
to these miRNAs, including gonadal cell proliferation, fol-
licular development, oocyte development, and fertilization,
further contributing to the overall evidence on mechanisms
through which phenols and phthalates impact female repro-
ductive health.

In addition to impacting female infertility, DEHP may
trigger the release of EVs associated with cardiovascular
disease risk. In a population-based study of young adults in
Taiwan, DEHP metabolites were associated with increased
serum endothelial- and platelet-derived microparticles [89].
Endothelial- and platelet-derived microparticles are estab-
lished markers of vascular damage [89] and may contribute
to cardiovascular disease risk among individuals with DEHP
exposures. However, a second study of healthy adolescent
children showed that increased phthalate metabolites were
associated with decreased levels of plasma endothelial-
derived microparticles [90]. The etiology of these disparate
findings is unclear, though there were major differences in
the methods, including the usage of plasma versus serum
and different transmembrane protein markers to quantify
endothelial and platelet microvesicles. These disparate
methods may have resulted in the capture and quantifica-
tions of different EV sub-populations. Ultimately, there is
some suggestion that phthalates are associated with systemic
EV release and cargo, but further research is required to
understand the functional consequences of these alterations
in EV cargo.

Other Chemical Pollutants

In addition to phenols and phthalates, other chemical pol-
lutants have been examined in relation to EV quantity and
cargo. However, the evidence for these chemicals is limited.
This is further complicated by the relative lack of evidence
on their associations with health and disease. In light of
these limitations, additional investigations are necessary to
understand whether their impacts are local or systemic.
Perfluorinated chemicals (PFCs) are synthetic compounds
used to make cookware, fabrics, clothes, and food packag-
ing [91]. PFC exposure has been previously associated with
endothelial damage and atherosclerosis. In the aforemen-
tioned Taiwanese study of young adults, serum endothelial-
and platelet-derived microvesicle concentrations were higher
across quartiles of four tested PFCs and were associated with
markers of carotid atherosclerotic vascular disease [92].
Ethyl paraben is a chemical compound often used as
a food additive. In a population-based study of women
undergoing IVF, ethylparaben was associated with altered
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hsa-miR-375 expression. The EV-miRNA is thought to tar-
get pathways that regulate oocyte viability in women and
suggests a potential association between ethylparaben expo-
sure and oocyte viability and female fecundity, though this
association is not yet definitively established [88].

Volatile organic compounds (VOCs) occur naturally in
crude oil and enter the air through vehicle exhaust [93].
In vitro exposure to toluene alone [94] or a mixture of
VOCs including toluene, xylene, and ethylbenzene [95]
induced cellular and exosomal miRNA changes. There were
incomplete overlaps between cellular and exosomal miRNA
changes, which further supports the idea that environmental
exposures affect not only cellular responses, but also the
selective loading of EV cargo. These alterations were
predicted to affect genes relevant for cancer and neurological
diseases, which is consistent with the known impact of
VOC:s on cancer risk and neurological damage.

Rotenone is a chemical compound and environmental
toxin that is often used as an insecticide [96]. In vitro
studies have shown that rotenone-exposed neuronal cells
demonstrated increased release of exosomes and increased
loading of a-synuclein into exosomes and other EVs,
which were not observed in control cells [97]. Thus, EVs
may mediate the relationship of rotenone exposure and
neurodegenerative diseases including Parkinson’s disease
in a mechanism similar to Mn.

Current Challenges

Despite substantial advances in our knowledge of EV biol-
ogy, several challenges remain. First, existing studies, both
experimental and observational, have used different proto-
cols that result in the isolation and characterization of dif-
ferent EV sub-populations. The nuances of these protocols
are not universally discussed but likely have large impacts
on the findings given the heterogeneity in EVs. Future stud-
ies should conform to the Minimal Information for Stud-
ies of Extracellular Vesicles (MISEV) guidelines [98], and
researchers should clarify the details and intent of study pro-
tocols. Second, while future studies should continue to use
sensitive untargeted methods to assess proteomic and RNA
cargoes of EVs, advances in our understanding of miRNAs
are necessary to interpret changes in EV-miRNA expression
and speculate on the potential effects. Current strategies rely
heavily on leveraging limited databases to identify putative
mRNA targets and on using ontological and pathway enrich-
ment analyses, but such analyses carry substantial uncer-
tainty and need to be interpreted with caution. Third, human
studies are often limited to studying the total EV population
from easy to access biospecimen such as the blood or saliva.
The resulting measures from this heterogenous EV popula-
tion may reflect systemic changes but lack specificity to any
specific target tissues and thus limits our inference. While
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system changes are intriguing and potentially useful, it is
imperative that we go further and strive to understand the
underlying source of change. To address this, human stud-
ies should adopt strategies that fractionate EVs based on
the cell of origin or any other distinguishing features, which
will provide opportunities to screen for early responses and
changes from tissues impacted by noxious environmental
exposures. Lastly, studies should expand beyond EV con-
centration as an indicator of injury or dysfunction. There is
clear evidence that EVs released from cells in response to
noxious environmental exposures are part of a larger cascade
with significant downstream functional effects on recipient
cells. Novel research is required to expand our knowledge of
the biological action of EV cargo (e.g., miRNAs, proteins,
lipids), elucidate determinants of EV release and uptake, and
fully understand the impact of environmental pollutants on
human health.

Conclusions

EVs function as biomarkers between harmful environmen-
tal exposures and chronic respiratory, cardiovascular, and
neurologic diseases. Prior research has shown that air pollu-
tion, tobacco smoke, metals, and chemical pollutants trigger
the systemic release of EVs that alter cell biology in every
organ system in the body. Emerging research has identified
specific biologically active EV-miRNAs that are upregulated
in certain disease states and suggests that EV-miRNAs may
represent novel targets for the prevention and treatment of
diseases that stem from environmental exposures.
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