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Abstract: Exposure to environmental pollutants is a serious and common public health concern
associated with growing morbidity and mortality worldwide, as well as economic burden. In recent
years, the toxic effects associated with air pollution have been intensively studied, with a particular
focus on the lung and cardiovascular system, mainly associated with particulate matter exposure.
However, epidemiological and mechanistic studies suggest that air pollution can also influence
skin integrity and may have a significant adverse impact on the immune and nervous system. Air
pollution exposure already starts in utero before birth, potentially causing delayed chronic diseases
arising later in life. There are, indeed, time windows during the life of individuals who are more
susceptible to air pollution exposure, which may result in more severe outcomes. In this review
paper, we provide an overview of findings that have established the effects of air pollutants on the
immune and nervous system, and speculate on the possible interaction between them, based on
mechanistic data.
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1. Air Pollution: State of the Art

Air pollution can be defined broadly as the introduction of chemicals, particulate
matter or biological materials into the atmosphere, that may cause harm or discomfort
to humans and other living organisms, or cause damage to the environment [1-3]. Air
pollutants may be categorized as primary air pollutants, which are directly emitted to
the atmosphere, or secondary air pollutants, formed in the atmosphere (e.g., from the
oxidation and transformation of primary emissions). Air pollution can derive from two
different sources: indoor and outdoor. Indoor air pollution is produced first by penetration
of outdoor pollutants, second by activities such as cooking and cooling/heating, and finally
by building products, which differ accordingly to the construction materials used (for an
extensive review on indoor air quality, see [4,5]). In this review, we will focus on outdoor
air pollution. To deepen the knowledge about air pollution effects on the human beings
is mandatory, since the World Health Organization (WHO) reported that the majority
of the population worldwide is exposed to air containing higher levels of pollutants
compared to the guidelines [6]. What is clearly known is that air pollution exposure
represents an environmental risk factor for human health and its impact is relevant due
to the large number of individuals affected, especially in densely populated areas [7]. In
fact, a relationship between long-term urbanization and outdoor air pollution has been
demonstrated [8]. While in the developed countries there is a common trend of decline
in pollutant levels, in the low and middle-income nations, the situation is various: there
are countries (e.g., India and China) where air pollution levels have risen, with exposure
overcoming safety standards, and nations (e.g., Mexico) where levels have declined [9].

These issues posed by outdoor air pollutants have increased the amount of research
conducted to dissect the mechanisms by which they exert their toxicity. While the majority
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of the studies have focused on the effects on the general health status, only some of them
have investigated the effects on the immune and nervous systems, which instead are of
great relevance.

Atmospheric pollutants typically include particulate matter (PM), ozone (O3), nitrogen
oxide (NOx), polycyclic aromatic hydrocarbons (PAHs) (in particular benzo-a-pyrene-
BaP), sulphur oxide (SOx), carbon monoxide (CO), benzene, and several metals such
as manganese (Mn), arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), nickel (Ni),
aluminium (Al), and vanadium (V) generated by vehicular traffic, industrial emissions,
and biomass burning [10,11].

The PM component of air pollution is characterized by its size and aerodynamic
properties: coarse particle with aerodynamic diameter of 2.5 to 10 pm (PMy), fine particles
of less than 2.5 um (PM, 5), and ultrafine particulate matter (UFPM) of less than 0.1 pm, also
called nanosized particulate matter or PMg ; [12,13]. The incomplete combustion of fuel and
diesel engine oil leads to the formation of gaseous air pollutants (CO, NO, NO,, aldehydes),
as well as solid particles including diesel exhaust particles (DEPs). DEPs are composed of a
carbon core upon which high-molecular weight organic chemical components (CO, NOy,
S50,, hydrocarbons) and heavy metals deposit. Diesel exhaust (DE) is a complex mixture
and, in this review, we will generally refer to DE when the solid or gaseous nature of the
pollutant is not specified in the original research paper.

Recently, there has been a dramatic increase in the prevalence of non-communicable
disease, such as cardiovascular disease, metabolic disease, cancer, chronic obstructive
pulmonary disease, inflammatory bowel diseases, and allergic diseases [14]. Migration
from the countryside to cities, and from economically backward to economically devel-
oped countries has exposed migrants and their families to a new set of potentially harm-
ful pollutants and allergens and changed their housing conditions, diet and access to
medical services [10,15]. Recent studies and research programs consistently show that
harmful health effects induced by air pollution can be observed also to very low concen-
tration levels, with no observable thresholds below which exposure can be considered
safe [16-18]. WHO produces evidence regarding the linkage of air pollution to specific
diseases and the overall objective of the global air quality guidelines published in 2021 is to
offer quantitative health-based recommendations through the assessment of the air quality
guideline (AQG) levels. AQC levels are not legally binding standards but nevertheless rep-
resent an evidence-informed tool, which can be used to inform legislation and policy [19].
The document reported specific recommendations on AQG levels for the pollutants PM; 5,
PM;, ozone, nitrogen dioxide, sulfur dioxide, and carbon monoxide (Table 1). A region-
specific analysis related to the global deaths attributable to ambient PMj; 5 air pollution
and the correspondent reduction through achievement of the recommended AQG level
demonstrate that each reduction in the outdoor concentrations of key air pollutants brings
health benefits to the surrounding population, even in places, which already have low
pollution concentrations [19].

The route of exposure to air pollutants is mainly through inhalation, ingestion, and
skin contact; therefore, these systems may be affected. In the past decade, it was taken
for granted that PM exposure constitutes a risk factor for cardiovascular diseases [20].
However, epidemiological studies have raised the concern about the potential impact of
air pollution on the central nervous system (CNS) outcomes, including decreased cogni-
tive functions in children, adults, and the elderly, neurodevelopment diseases, depressive
symptoms, olfactory dysfunctions, auditory deficits, and other adverse neuropsychological
effects [21,22]. The WHO International Agency for Research on Cancer concluded, already
in 2013, that outdoor air pollution might be carcinogenic to humans, going on the as-
sumption that hazard-based mixtures containing carcinogens are necessarily carcinogenic
themselves, with the PM component of air pollution most closely associated with increased
cancer incidence, especially lung cancer [23]. In this context, the time window of exposure is
of great relevance. In fact, during the life of individuals, some periods (e.g., childhood and
old age) are more susceptible to air pollution, possibly resulting in more severe outcomes.
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Table 1. Summary of recommended Air quality guideline (AQG) levels. Adapted from WHO Global
air quality guidelines—2021 [19].

Pollutant Averaging Time AQG Level

PMy 5 pg/m Annual 5
24h? 15

PMy g/ Annual 15
24h? 45

o 3 Peak season 60

s vg/m 8hb 100
NO 3 Annual 10
2 ug/m 24h2 25
SO, pug/m?3 24h2 40
CO mg/m3 24h? 4

2 99th percentile (e.g., 34 exceedance days per year); ® Average of daily maximum 8-h mean O3 concentration in
the six consecutive months with the highest six-month running average O3 concentration.

The European Environment Agency suggests that exposure to air pollutants in early
life can significantly affect childhood development and could trigger diseases later in
life [24]. It has also been reported that during pregnancy, in utero exposure to air pollutants
enhances adverse birth outcomes, such as reduced fetal growth, pre-term birth, and sponta-
neous abortions [25]. All environmental exposures, from in utero to adult life, may lead to
epigenetic changes and the level of DNA methylation varies significantly with different
types of air pollution [26,27]. As well, as reported by the WHO, exposure to air pollution
may lead to adverse health effects, such as premature mortality and morbidity. Mortality
reflects a reduction in life expectancy owing to premature death as a result of exposure to
air pollution. Differently, morbidity relates to the occurrence of illness and years lived with
a disease or disability, ranging from subclinical effects and symptoms (e.g., inflammation)
to chronic conditions that may require hospitalization. Even less severe effects might have
considerable public health implications because air pollution affects the whole population
daily [28].

The mechanisms underneath the health effects of air pollution, due to its complex
composition, are mainly referable to a direct or indirect reactive oxygen and nitrogen
species (ROS, RNS) production causing oxidative stress with the activation of inflammatory
pathways (e.g., Nrf2, MAPK, NF-«B) that lead to an inflammatory status characterized by
cytokine production and immune cell activation [29], but also by epigenetic mechanisms,
such as change in histone tail modifications, microRNA (miRNA) expression, and DNA
methylation, that contribute to the development and maintenance of inflammation [30].

The contribution of this narrative review is to provide a comprehensive overview of
the current knowledge about air pollution, with a particular focus on outdoor pollutants
and PM, being the major public concern, and its impact on the immune and nervous system.
Air pollution is a worldwide issue and its noxious effects on these two systems are not yet
well characterized. We highlight the major findings to fill the existing lack of knowledge,
mainly regarding the mechanism underlying the effects on the immune and, above all,
nervous systems. Another contribution is to deepen the knowledge about the possible
interaction between the immune and nervous system, proposing a general view and a link
between the two systems, highlighted by the proposed mechanisms in Figure 1. To do this,
we have taken into consideration literature reviews and original articles, using PubMed
and Google Scholar, and we have selected key information about the effects on immune
and nervous system, starting from epidemiological evidence, through in vivo and in vitro
studies, to dissect the underneath mechanisms of action. Examples of keywords searched
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were “air pollution”, “particulate matter”, “ozone”, “diesel exhausted particles”, “nitrogen
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dioxide”, “carbon monoxide” combined with “immune system” and/or “central nervous
system”. Our final aim is to have a general view of air pollution, to bring out the need to
conduct further studies to better characterize this global problem.

AIR POLLUTION

e e e o LR
o LI R A

Critical windows

Immune system: Central nervous system:

* respiratory symptoms oxidative I ] antioxidant * decreased cognitive functions
* lung and skin cancer stress defense * neurodevelopment diseases

» skin aging ) * depressive symptoms

* allergic contact dermatitis inflammatory * olfactory dysfunctions

* atopic dermatitis pAthmaS * auditory deficits

* psoriasis and acne * neuropsychological effects

Figure 1. Effects of indoor and outdoor air pollutants on immune and nervous system. Suscep-
tibility during critical windows and involvement of oxidative stress and inflammatory pathways
are reported.

2. Air Pollution and the Immune System
2.1. Lung and Skin: Route of Exposure

The intake and the uptake represent the two major processes by which a chemical
can cross the body from outside. Intake is typically associated with inhalation, eating, or
drinking [31], whereas uptake occurs by dermal contact, through skin absorption.

Air pollutants, such as SO,, NOy, CO, PM, and heavy metals, affect the respiratory
system and a positive association between air pollution and lung cancer risk and mortality
has been demonstrated in several epidemiological studies, particularly in individuals with
existing lung disease [32,33]. An increase in alveolar protein concentration with an excess of
ROS production has been associated with the exposure to UFPMs that can lead to elevated
levels of oxidatively damaged DNA in culture cells, animals and humans [34].

PM is one of the most common air pollutants associated with an increased risk of
exacerbation and respiratory symptoms [33]. In particular, PM;5 and PMy;, that are
effectively respirable, have the potential to reach the alveoli [35-37]. Human exposure to
PM may negatively influence lung activity. Studies conducted in various occupational
workplaces suggested that PM could impact pulmonary function with sufficient evidence
leading to assert that exposure to PM may cause lung cancer [23,38].

The second process by which a chemical can cross the human body is the uptake that
involves skin absorption. Skin is a dynamic barrier of the human body able to maintain
the internal homeostasis through neuropeptides, cytokines, hormones, and other effector
molecules of the endocrine, immune, and nervous systems [39]. In industrialized countries,
hypersensitivity reactions are, by far, the most frequently reported immune-derived effects
of chemicals in humans [40]. Major air agents which affect the skin are solar ultraviolet
radiation (UV), PAHs, volatile organic compounds, NO,, PM, cigarette smoke, O3, heavy
metals, and As. Air contaminants can bind the stratum corneum, may permeate the
epidermal barrier, and may enter the systemic circulation [41]. In their passage through the
epidermis, they can be metabolized giving rise to reactive metabolites. The structural and
functional integrity of the epidermis may be directly damaged or impaired through indirect
phenomena, including inflammation [42]. A depletion of enzymes such as glutathione
peroxidase and reductase, superoxide dismutase, and catalase, but also of non-enzymatic
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antioxidant complexes such as vitamin E, vitamin C, and glutathione, may contribute
to modulate the exacerbation of oxidative stress reactions [43]. This persistent state of
inflammation associated to air pollution has a fundamental role in the pathogenesis of both
metabolic and immune-mediated diseases, causing primarily skin aging, allergic contact
dermatitis, atopic dermatitis (AD), psoriasis, acne, and skin cancer [13]. Therefore, lung
and skin are two of the mostly involved systems due to the primary route of exposure for
air pollution.

2.2. Air Pollution Pathways in the Immune System

The increasing evidence that the immune system can be the target of many chem-
icals including environmental contaminants and drugs with potentially adverse effects
on the host’s health has raised serious concerns within the public and regulatory agen-
cies. Among air pollutants, a substantial amount of evidence has emerged from litera-
ture research regarding the toxic effects of PM and DEP. Bartra and colleagues [44] re-
viewed the overall effects of DEPs on the immune system: DEPs induced an enhance-
ment of IgE-mediated air-allergen sensitization [45], Th2 cytokine response [46], increased
the eosinophilic inflammation [47], and increased the production of IL-6 and IL-10 in
patients with mild asthma [48]. It has also been demonstrated that DEPs induce a de-
crease in CD25 expression, IL-2, and IFN-y in CD4+ and CD8+ T cells causing defective
immune-surveillance, defective Thl profile, and an abnormal persistence of activated
T cells [49]. Furthermore, DEPs suppressed cell-mediated cytotoxicity and decreased
the markers of cytotoxic natural killer cells [50]. This evidence strongly supports the
hypothesis that DEPs exposure may increase the susceptibility to infections, having an
immunosuppressive behavior.

Consolidated data well demonstrated that DEPs mediate specific biological effects
through the mitogen-activated protein (MAP) kinase cascade proteins activation (i.e., ERK,
p38), and consequently with nuclear factors activation, such as NF-«kB [51,52], Nrf2, and
AP-1 [53-55]. Notably, comparable to other forms of PM, DEPs have been associated with
oxidative stress, which can ultimately be related to genotoxic effects. In fact, several studies
reported that exposure to DEPs is associated with increased levels of DNA oxidative dam-
age in cultured cells detected as formamidopyrimidine DNA glycosylase (FGP)-sensitive
sites by the comet assay [56].

A second outdoor air pollutant class is covered by PM. Oxidative stress-induced
genotoxicity is thought to be an important link to carcinogenesis and has consistently
been associated with PM exposure in experimental models [57,58]. PM rapidly increases
ROS production, whereas the inflammation develops over time. This scenario has been
demonstrated in vitro on a co-culture of human alveolar epithelial and macrophage cells:
an increase in ROS production and pro-inflammatory markers (IL-13, IL-6, IL-8 e TNF-«)
following 24 h exposure to PM; 5 [59]. PM; 5 was also responsible for the induction of the
p38 MAPK phosphorylation [59]. The involvement of MAPK and NF-«B pathways was also
demonstrated by Al Hanai and colleagues [60]. PM;( was able to stimulate macrophage
inflammatory pathways, inducing lung inflammation [61].

Another recent study focused on long-term air pollution exposure and DNA methyla-
tion showed a significant association of NO, exposure with blood DNA methylation and
lung function changes [62]. The authors reported a study conducted on volunteers exposed
to NO, and results showed a lung function decrease associated with DNA methylation. In-
terestingly, Clifford and colleagues [63] reported that exposure to DE may play a role in the
development and progression of allergic disease, in particular allergic respiratory disease,
suggesting that specific exposures can trigger the lung for changes in DNA methylation.

As we previously described, skin is one of the first targets of air pollutants, due to their
uptake. Exposure of the skin to air pollutants may lead to damage of proteins, lipids, and
DNA, through the production of ROS and RNS. In the skin, air pollutants are able to cause
a redox imbalance between oxidants and antioxidants through a direct damage and they
lead to an increase in cutaneous levels of ROS that activate the release of pro-inflammatory
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factors and stimulate neutrophils activation and phagocytic cells, auto-feeding the pollutant
response [41,64]. Furthermore, UVA could induce photo aging through the generation of
ROS in keratinocytes and fibroblasts, which leads to the intracellular stimulation of kinases,
transcription of nuclear transcription factors AP-1 and NF-kB [65]. UVA and UVB have
been implicated in cutaneous immunosuppression and in photo-carcinogenesis after a
mechanism of damage of structure and function of the cells due to a cascade of oxidative
events [66,67].

It has been extensively reported that PM; 5 is able to penetrate the skin generating
oxidative stress mainly through the conversion of the PAH, absorbed on the surface of PM,
into quinones that explain a redox activity in the cells with the final production of ROS.
It has been demonstrated their ability to decrease DNA methyltransferase and increase
DNA demethylase, leading to skin senescence [68]. PMjp, NO,, NOy and CO have been
associated with development and aggravation of AD in children and adolescents [69,70].
AD is a chronic relapsing inflammatory skin disease mostly occurring in early childhood
and it is associated with other atopic disorders, such as allergic rhinitis and asthma [70]. The
pathogenesis of AD involves both skin barrier defects and immunologic dysregulation. AD
is still increasing in both developing and developed countries and indoor and outdoor air
pollutants have been considered potential risk factors for the development or exacerbation
of AD [42].

Another air pollutant able to affect the immune system is traditional cigarette smoke,
a highly complex aerosol composed by thousands of chemical substances (e.g., ROS, CO,
RNS, and electrophilic aldehydes) [71,72]. Traditional tobacco smoking causes premature
aging [73] and an increased risk of psoriasis, acne, and skin squamous cell carcinoma [74].
It has been reported that exposure to traditional tobacco smoke, both active and passive,
lead to the development of AD [75].

O3, a ubiquitous pollutant in urban environment, is able to damage the barrier of
epidermis inducing the formation of peroxides, aldehydes and lipids ozonation [76]. In
human keratinocytes O3 lead to an increase ROS formation and IL-8 gene expression [77].
From the reviewed papers emerged that the exposure to air pollutants is mainly associated
with ROS production, inflammation, and oxidative damage to DNA, and in turn, these
issues lead to adverse outcomes on the immune system and related organs.

In sum, air pollutants play mainly a pro-inflammatory role [78] that could include
direct oxidative effects of O3 or induction of ROS. Some variability of these effects was
shown among the different exhausts and particles investigated, suggesting that distinct
physiochemical properties could arise from different materials generated and collected
in specific conditions. Between the epigenetic mechanisms that may contribute to inflam-
mation reaction and lung injury, such as asthma, DNA methylation is one of the most
studied [79], but still requires more attention and investigations.

2.3. Air Pollution in Immune System Critical Windows: Pregnancy, Infancy and Childhood

Air pollution each year causes approximately one third of premature deaths [80].
Exposure to air pollutants during prenatal period can affect the growth during infancy and
childhood [81] acting mainly through the impairment of organogenesis. Regarding the
immune system development, the period from in utero to the first years of life is a critical
time. The maturation of the immune system can be influenced if exposed to environmental
pollution in early life [82]. For this reason, the effects of the exposure to toxic pollutants
during this period could arise in an increased risk of allergies later in life [83]. In particular,
the most sensitive time windows are pregnancy, infancy, and childhood.

PM exposure during pregnancy can lead to a delayed maturation of the immune
system of the fetuses and this can give them a higher vulnerability to allergies develop-
ment [84]. PM effects on the immune system could be mediated by toll-like receptors
(TLRs) [85]. The study of Becker et al. [86] revealed higher levels of TLR2 and TLR4 upon
exposure to PMj, 5_19. TLRs are essential for the immune response of newborns and, for this
reason, a dysregulation of them could have an impact on the immune system [87]. A study
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performed in the Czech Republic highlighted the effect of air pollutants exposure during
gestation on the fetal immune system, indicating that, above all, PAHs and PM, 5 can act
as immunomodulators impacting on infant and children health [88]. There are several
studies that have investigated the effects of air pollution during pregnancy, and some of
them have reported associations with allergies and lower respiratory tract infections early
in life. In a study conducted in a cohort of 5733 children in Wuhan, China, prenatal and
early-life exposure to PM less than 1 pm in diameter, PM; 5, and PM;y were associated with
increased risk of development of asthma by the age of 3 years [89]. Another prospective
cohort study revealed that parental exposure to NO; had significative associations with
allergic diseases in childhood only in sensitive windows; for example, correlations between
asthma and the second trimester and between allergic rhinitis and the third trimester were
assessed [90]. A further study conducted in Canada reported an association between NO,
and PM, 5 exposure in the second trimester with an increased risk of asthma development
in children [91]. A study conducted on mice also revealed that O3 exposure during the
gestation period could lead to airway inflammation and, particularly, it has been shown to
act through the imbalance of the Th1/Th2 differentiation in the offspring, increasing the
severity of asthma [92]. Kannan and colleagues [93] demonstrated that inhaled pollutants
by pregnant mothers can decrease the nutrient/oxygen supply, through inflammatory and
immune reactions of the mother, or can act directly on the fetus, crossing the placenta.
Three critical periods of immune system development during the gestation period were
identified: the first phase is the initiation of hematopoiesis (week 8-10), the second phase is
the migration of hematopoietic cells and the expansion of progenitor cells (weeks 10-16)
and the last period is the colonization of thymus and bone marrow (weeks 16-birth). The
immune system is not fully mature even after birth; the maturation to the immunocom-
petence lasts until the year of age and the establishment of the immune memory is not
completed until the 18 years [94]. For these reasons, air pollution exposure during all these
phases could result in immune system alterations.

Regarding infancy, it is a high-risk period for allergic sensitization because the im-
mune defenses are under development. Allergy prevalence has increased over the years,
and above all in children. One reason of this enhancement could be the exposure to air
pollutants [95]. The environmental exposure during early post-natal life could determine
the development of allergies during the entire lifespan and above all during childhood [96].
Fetuses and infants have immature immune and respiratory systems and for this reason
they are more susceptible to air pollution effects. In their systematic review on the associa-
tion between traffic-related air pollution (mainly PM;o, PM; 5, NOx) and their effects on
children, authors highlighted a connection between NO, and PM; 5 exposure during early
childhood and increased asthma and food sensitization incidences [94]. Furthermore, there
is some evidence of association also between traffic-related air pollution and eczema [97].
Other associations, highlighted in the literature, connect NO, exposure during early life
and both asthma and AD prevalence during childhood [98,99].

As infants, children are also vulnerable to air pollution, since they are characterized by
a higher ventilation rate and narrower airways than adults, they spend more time outside
and their immune system is not fully mature [100]. A study conducted in California on
188 children (median age: 14.7 years), of which 35.6% were asthmatics, investigated the
correlation between exposure to high levels of CO, NO,, and PM, 5 and the alterations in
differentially methylated regions of genes involved in the immune system and asthma.
It has been revealed that air pollutants exposure was associated to an altered profile of
methylation of FoxP3 and IL-10 [101]. Other evidence comes from studies based on the
traffic-related air pollutants, which were associated with atopic diseases, allergies, and
asthma in schoolchildren [102,103]. Regarding the mechanisms, lung diseases due to air
pollution can be mediated by the induction of an inflammatory state [26]. The short-term
increase in the environment of black carbon, DEPs, and NO, induced increased airways
inflammation and oxidative stress in a pediatric population [104]. In fact, pollutants can
lead to ROS production, and are able to damage cells and react with DNA and lipids [105].
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Therefore, the immune system is widely affected by air pollutants, as reported in Table 2,
and above all, it results in being more susceptible to air pollution and PM during the above-
mentioned critical windows, leading to a higher vulnerability to infections and allergies.

Table 2. Summary of air pollutant effects on the immune system.

Air Pollutant Effect Type of Study References
Actlve /passive Increased risk of AD. Systematic review and [75]
cigarette smoke meta-analysis

o Modified methylatlop of FoxP3 promoter and IL-10 In vivo [101]
leading to asthma.
Enhanced IgE mediated air-allergen sensitization. Murine model [45]
Enhanced Th2 cytokines response. Asthma murine model [46]
Eosinophilic inflammation. Guinea pigs sensitized to pollen [47]
Increased productlorll;)i{ él;it;r:llalblo in patients with Asthmatic patients [48]
Decreased CD25 expression, IL-2 and IFN-y in CD4* . /,
and CD8* T cells. In vitro 491
Decreased release of IL-13, IL-2, IL-4, IL-12p70, IFN-y, .
and TNF-a by NK cells. In vitro (501
DEPs
Increase in ERK, p38, and NF-«B. In vitro [51]
Increase in MMP-1 and ERK1-2 phosphorylation. In vitro [52]
Activation of Nrf2. In vitro [53]
Increase in nuclear translocation NF-kB, AP-1, Nonatopic non-smokers (in vivo) [54]
phosphorylated Jun kinase, and phosphorylated p38. P :
MAP kinase-mediated activation of NF-kB and AP-1. In vitro [55]
Increased oxidative damage of DNA. In vitro [56]
Changes in DNA methylation .that increase the Randomized crossover-controlled
development and progression of allergic [63]
- . exposure study
respiratory disease.
Induction of blood ]?NA methylation and lung Cohort study [62]
function changes.
NO, Modified methylation of FoxP3 promoter and IL-10 In vivo [101]
leading to asthma.
Increased ROS formation and IL-8 gene expression In vitro [77]
o in keratinocytes.
3
Imbalance of the Th1/Th2 differentiation in the In vivo [92]
offspring, increasing the severity of asthma.
Increase in ROS production, pro-inflammatory markers
(IL-1B, IL-6, IL-8 e TNF-ot) and phosphorylation In vitro [59]
of p38 MAPK.
Increase in ROS production, TNF-« and involvement In vitr [60]
of MAPK and NF-kB pathways. vitro
I d GM-CSF levels, MIP-13, MCP-1, IL-6, .
M nerease an:lz‘;EZM-l. B In vitro [61]
Decrease in DNA methyltransferase and increase in In vitro [68]
DNA demethylase leading to skin senescence.
Increased levels of TLR2 and TLR4. In vivo [86]
Modified methylation of FoxP3 promoter and IL-10 In vivo [101]
leading to asthma.
Induced ROS production in keratinocytes and
UVA fibroblasts, leading to the transcription of nuclear In vitro [65]

transcription factors AP-1 and NF-«B.
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3. Air Pollution and the Nervous System
3.1. Air Pollution Way to the Brain

The fine and ultrafine fractions of PM (PMj ; and PMj, 5) are predominantly implicated
in CNS effects, given their capability to reach the brain. PM is inhaled on a regular basis due
to air pollution, crosses the alveolar-capillary barrier in the lungs, thus gaining access to
peripheral circulation and distributing to various organs, including the brain [106]. Active
transport, a leaky blood-brain barrier (BBB), and translocation through the nasal olfactory
pathway have been proposed as mechanisms by which the PM enters the brain. Air pollu-
tants (e.g., Al nanoparticles-NPs- of 8-12 nm diameter size) could damage the endothelial
cells of the BBB and alter its protective functions [107], distributing the systemically de-
livered PMj; to the brain parenchyma. Differently, nasally inhaled pollutants deposited
on the olfactory mucosa, can be subsequently translocated via the olfactory nerve to the
olfactory bulb [108], which is an accumulation site of NPs. In addition, CNS distribution
could occur in the piriform cortex, olfactory tubercule, amygdala and, through anterograde
pathways, could reach the cortex, thalamus, hypothalamus, hippocampus, striatum, and
cerebellum [109-111], as demonstrated by exposing rats via whole-body exposure to Mn
oxide NPs, a metal associated to industrial-derived air pollution. Air pollutants do not
need to physically reach the brain to provoke an adverse effect: they could induce oxidative
stress and trigger the release of soluble inflammatory mediators from primary entry organs
or secondary targets [21]. Those mechanisms were suggested for O3, which is rapidly con-
sumed in the lungs because of its reactivity, and mediate extrapulmonary toxicity through
secondary products released in the blood [112]. Finally, air pollution exposure induces
the activation of hypothalamic-pituitary-adrenal axis with a consequent stress response,
which is a feature of many disease processes [113]. Therefore, there are different ways
through which air pollutants could reach the CNS, with the possible consequent associated
adverse outcomes.

3.2. Air Pollution in CNS Critical Windows: Neurodevelopment and Neurodegeneration

Epidemiological studies have pointed out the connection between air pollution and
brain, because an increasing number of papers affirm that air pollution exposure may
be associated with a brain deficit concerning neurodevelopment, such as behavioral and
cognitive deficits, psychiatric disorders, depression, and autism [114-118] and with an
increased incidence of childhood CNS tumors [119].

Air pollution influences CNS development, and young individuals seem to be par-
ticularly susceptible to air pollution-induced neuronal damage starting from the prenatal
period, when air pollution exposure might cause, or contribute to the development of
disabilities and behavioral deficits [84] by disturbing postnatal brain growth and by in-
terfering with its maturation, altering neurogenic/gliogenic events, myelination, and
synaptogenesis [120].

An Italian study in the Milan area showed that PM;g exposure, during the first
trimester of pregnancy, is negatively associated with weight at birth [121]. Clinical studies
performed in children living in Mexico City and exposed to high levels of air pollution (O3
and PM) report structural damage at the prefrontal cortex, as well as elevated neuroinflam-
matory markers that have been, potentially, associated with cognitive deficits [122-124].
Furthermore, different studies have revealed an association between air pollutants, re-
lated to elemental carbon attributed to traffic, and the occurrence of hyperactivity [125].
Moreover, children prenatally exposed to high levels of PAH showed anxious/depressive
symptoms at 67 years of age [126] thus supporting the idea that air pollution exposure
in early life could trigger diseases later in life, after a time delay, possibly due to fetal
re-programming at the molecular level of biological features.

Such epidemiological evidence is supported by in vivo studies on rodents. In utero
exposure to DE alters locomotor activity, motor coordination, and causes impulsive be-
havior in male mice, with concomitant alterations in dopamine turnover and monoamine
metabolism in a variety of brain regions [127,128]. An additional in vivo study showed



Int. |. Environ. Res. Public Health 2022, 19, 16037 10 of 24

that prenatal NPs-rich DE exposure to female mice caused an altered spatial learning
and memory [129]. Furthermore, the exposure to nanosized PM to adult female mice
induced an impaired differentiation of cerebral cortex neuron of the offspring [130]. From
a behavioral point of view, prenatal and early life exposure of mice to DEP is associated
with reduced social interaction, increased repetitive behaviors, and reduced or altered
communications [131].

Together with children, the elderly mostly seem to be susceptible to air pollution.
Such exposure, during aging, may contribute to the onset of neurodegenerative disorders,
enhancing the progression of neurodegenerative processes [132]. Analyses of post-mortem
tissues from humans living in highly polluted areas have shown an increase in beta-
amyloid 42, hyper-phosphorylated tau and alpha synuclein, which are potential markers of
pre-clinical stages of Alzheimer’s and Parkinson’s diseases. Moreover, a dose-response
relationship between air pollution exposure and test performances was found in individuals
with increased incidence of mild cognitive impairment [133,134].

An interesting study conducted in the Italian area of Val Camonica showed an in-
creased prevalence of deficits in coordination and cognitive abilities, related to the high Mn
levels in PM present in the deposited dust from ferroalloy airborne emissions [135]. These
results match with the in vivo data on rat brain showing an increase in pro-inflammatory
mediators, markers of oxidative stress, and immune cells activation after Mn oxide NPs
exposure, indicating that the olfactory neuronal is involved in the translocation of this NP
to the CNS [110]. Together, these findings suggest that air pollution may potentially impact
neurodegenerative pathways (for an extensive review about air pollution and dementia
see [136]) and that the elderly are more vulnerable to air pollution because the aged BBB
becomes more penetrable or because the damage accumulation due to a chronic exposure
throughout the entire life [137].

Thus, neurodevelopment and neurodegeneration are two critical time windows in
the CNS, during which the brain has an increased susceptibility to air pollution exposure-
related outcomes.

3.3. Air Pollution Pathways in the CNS

Although the exact mechanisms driving brain pathology induced by air pollution are
not completely understood, oxidative stress and inflammation are pointed out as common
features triggering air pollution neurotoxicity [138]. Evidence of the involvement of these
pathways comes from human studies. Brain tissues from individuals residing in highly
polluted areas showed an increase in infiltrating monocytes or resident microglia [139].
Increase in pro-inflammatory mediators such as IL-13, COX-2, and CD14 marker for innate
immune cells were observed in frontal cortex, substantia nigra, and vagus nerve [139].

Air pollutants also induce a neuroinflammatory response in vivo. Mice exposed to
DE exhibited microglial activation and, consequently, a sex dimorphic impairment of adult
neurogenesis with males showing fewer neurons in the olfactory bulb, hippocampal sub-
granular zone, and sub-ventricular zone, while females only showed fewer neurons in the
olfactory bulb [140]. Further, 6 h/day and 5 days/week exposure of mice (from embryonic
day 0 to postnatal day 21) to DE at the level of 250-300 ug/m? induces an increase in IL-6
in placenta and in neonatal brain [141]. Both prolonged and short-term exposure of rodents
to DE enhanced the production of several pro-inflammatory and oxidative stress markers
in different regions of the brain [142-145].

These findings rest on previous evidence obtained by in vitro studies, which demon-
strated that microglial cells are activated by DE, resulting in morphological changes, in-
creased superoxide, and ROS production. In neuron-glia cultures, DEP selectively dam-
aged dopaminergic neurons that only occurred in the presence of microglia, indicating
that microglia mediate the DEP neurotoxicity [146]. Neuron—glia cultures derived from
mice lacking nicotinamide adenine dinucleotide phosphate oxidase, the enzyme responsi-
ble for microglial extracellular superoxide production, were insensitive to DEP-induced
neuronal damage, indicating that microglia-derived ROS are crucial for DEP-induced
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dopaminergic neurotoxicity [146]. Moreover, microglia exposed to concentrated ambient
air particles increases the expression of pro-inflammatory mediators, such as IL-6 and TNEF-
o [147], suggesting that some forms of PM induce cytokine production and modulation
of inflammatory pathways. In astrocytes and microglia cultured together and exposed to
PM (diameter <0.2 M) a strong activation of TLR4 and NF-kB has been observed, sug-
gesting that TLR4 mediated inflammatory pathway is central to the brain response to air
pollution [148].

Other cells of the CNS are also a target of detrimental effects induced by air pollution
exposure. It was first reported that astrocytes are activated in humans chronically exposed
to high levels of air pollution [149]. More recently, the effects of air pollutants on astrocyte—
microglia crosstalk were described, with a particular focus on pro-inflammatory activation
and oxidative stress [150]. However, it is not clear if the activation is due to the components
of air pollution, or to the inflammation and oxidative stress produced from other cell types,
or to cellular damage.

Moreover, oligodendrocytes, which in the past years have been largely overlooked in
air pollution research, are altered after air pollutant exposure. The few papers available
demonstrated the presence of apoptotic glial white matter cells in dogs in Southwest
Metropolitan Mexico City, a highly polluted urban region [151], and an alteration of white
matter integrity in children resident in Mexico City and, thus, chronically exposed to
significant concentration of O3, PM and PM-associated lipopolysaccharide [133]. Recent
in vivo findings provide the first experimental evidence of the reduction in myelin basic
protein after air pollution exposure [148]. This evidence in mice is consistent with the
study of Chen and colleagues [152] which showed, in old women with greater exposure
to PM; 5, a significant reduction in white matter, but not gray matter volumes and with
previous research by Peterson and collaborators [153] which found that higher prenatal
PAH exposure corresponded with reductions in white surface matter of children brains.

In addition, air pollution could also directly affect neuronal cells: in primary hip-
pocampal neurons, PM; 5 elevated COX-2 expression, through NF-«kB modulation, and
in hippocampal brain slices, increased the amplitude of field excitatory postsynaptic po-
tentials, intracellular ROS generation, glutathione depletion, and loss of mitochondrial
membrane potential [154]. In conclusion, several nervous system components can be
affected by different air pollutants, as reported in Table 3.

A summary of the main adverse effects posed by air pollutants on the immune and
nervous system is provided in Figure 2.

. Ultrafine Mn
Cigarette smoke DEPs . .
oxide particles
Atopic dermatitis Neuroinflammation
Asthma Impaired memory and locomotion
Air sensitization Reduced neurogenesis
Inflammation Neuroinflammation
Asthma
CcO
Asthma 0, Cognitive deficit
Inflammation Neuroinflammation
Asthma
NO,
Asthma Depressive symptoms
Skin senescence Reduced white matter
Inflammation Neuroinflammation
Inflammation Anxious and depressive symptoms
Reduced white matter
UVA PM PAH

Figure 2. Main effects of air pollutants on immune and nervous system. Summary of the results
reported in Tables 2 and 3.
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Table 3. Summary of air pollutant effects on the nervous system.
Air Pollutant Effect Type of Study References
Up-regulation of COX-2, IL-1f3, CD14 in olfactory bulb,
frontal cortex, substantia nigra and vagus nerve, and . .
. . . s . A . . In vivo, children and
Air pollution increase in infiltrating monocytes or resident microglia. oune adults [133,139]
Disruption of BBB, higher oxidative stress, and young
inflammatory mediators.
Alteration in dopamine turnover and monoamine
metabolisms, leading to decrease in spontaneous In vivo, mice (in utero) [127,128]
locomotor activity.
Higher expression of NMDA receptor subunit
GluN2A, CCL3, and BDNF indicating an impaired In vivo, mice [129]
special learning and memory function.
Increase locomotor activity and repetitive behaviorsin  In vivo, mice (during pregnancy [131]
offspring, referable to autism. and nursing)
Impaired cell proliferation only in males, reduction in
adult neurogenesis, microglial activation, In vivo, mice [140]
neuroinflammation and oxidative stress, indication of a ’
DEPs sex-dependent impairment.
Increased IL-6 release in the placenta and neonatal
brain with the consequent activation of the In vivo, mice [141]
JAK2/STAT3 pathway in neonatal brain.
Increase in TNF-o and IL-1ex in the striatum region. In vivo, rats [142]
Increased CYP1A1, iNOS, and oxygenase-1 and COX-2 . )
o . . In vivo, rats [143]
in different brain regions.
Increase in IL-1«, IL-13, TNF-«, IL-6 with some gender
difference in olfactory bulb and hippocampus. . .
Increase in oxygenase-1, nNOS and NMDA subunit In vivo, mice [145]
GluN2A in male hippocampus.
Dose-dependent decrease in dopaminergic neurons. .
Increase superoxide and ROS production. In vitro [146]
Elemental carbor} attributed Association with hyperactivity T-score. In vivo, children [125]
to traffic
Structural damage at prefrontal cortex, elevated
O3 neuroinflammatory markers associated with In vivo, children [122-124]
cognitive deficits.
Increase in anxious/depressive symptoms. In vivo, children [125]
PAH _coct ; ; ;
Dose-response reduction in white matter. Cross-sectional 1maging study in [153]
school-age children
Prospective study in women
Reduce weight at birth. during the first trimester [121]
of pregnancy
Structural damage at prefrontal cortex, increase
neuroinflammatory markers associated with In vivo, children [122-124]
cognitive deficits.
Altered neuronal differentiation in the offspring and . .
. . . In vivo, mice [130]
depression-like symptoms in adult males.
PM reached in Mn is associated with motor
PM coordination and cognitive abilities deficits and In vivo, elderly human [135]
increased levels of prolactin in serum.
Reduces intracellular levels of ATP and increase in In vit [147]
TNF-o and IL-6. fvitro
Activation of TLR.4 and NF-«B (in vitro).
Increase in TLR.4, MyD88, TNF-a and TNFR2, and In vitro/in vivo [148]
decrease in NF-«B in the hippocampus (in vivo).
Decrease in white matter. Prospective study in women [149]
Increase in COX-2 expression, ROS production and In vitro [154]

NF-kB phosphorylation.

Ultrafine Mn oxide particles

Increased TNF-«, macrophage inflammatory protein-2,
and neuronal cell adhesion molecules in olfactory bulb.

In vivo, rats

[110]
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4. Possible Interaction between the Inmune and Nervous System?
4.1. Neuro-Immune—Cutaneous—Endocrine (NICE) Network

As mentioned before, large epidemiological and observational studies identified
that both long- and short-term exposure to airborne pollution increase adverse health
outcomes, such as hospitalization, morbidity, and mortality. It is well known that exposure
to air pollutants has been associated with marked increases in cardiovascular disease,
such as myocardial ischemia, arrhythmia, heart failure, and respiratory disease, such as
lung cancer and asthma. Recently, a link between particle pollution and the occurrence
of neurological disease has also been indicated, such as in cognitive dysfunctions, and
Alzheimer’s and Parkinson’s diseases [155]. In addition, there is increasing evidence that
environmental pollution may exert negative effects on human skin that acts like an interface
between the body and the surrounding atmosphere and is therefore the primary contact for
environmental pollutants [156].

A number of mechanisms have been proposed to explain the adverse health impact
of air pollutants, and in particular PM, such as inflammation [157], production of white
blood cells [158], ROS and RNS production in the lungs [159], endotoxin-mediated cellular
and tissue responses, stimulation of irritant receptors, and covalent modification of key
cellular enzymes [160]. ROS can damage cellular proteins, lipids, membranes, and DNA,
and lead to an increase in the production of antioxidant enzymes through activation of the
transcription factor Nrf2 [161]. Failure to overcome oxidative stress leads to the activation
of additional intracellular signaling cascades that regulate the expression of cytokine and
chemokine genes that imply pro-inflammatory effects, locally but also systemically.

The pathobiology likely begins principally in the lungs and in the skin, but how does
a pulmonary/skin event translate to a systemic and/or central event? Skin should be
considered a sensory organ, due to the cutaneous innervation as part of the peripheral
nervous system, and also is an important part of CNS, as active interface and first connection
of the body to the external body insults [162]. Connection between nerve fibers, immune,
endocrine, and cutaneous cells have been demonstrated in skin and it has been identified
with the acronym NICE, the “neuro-immune-cutaneous—endocrine” network [163,164].
NICE system shares a language of neuropeptides, cytokines, glucocorticoids, potential
growth factors, hormones, and other effector molecules in a bi-directional way, from the
brain to the body and vice versa [165]. In particular, Langerhans cells (LCs), acting as
antigen presenting cells, express some neuronal markers and neuropeptide receptors, and
are closely connected to the nerve fibers in the epidermis. Thus, LCs and nervous system
are anatomically and functionally connected, and Misery and colleagues [166] suggested
that they belong to a NICE system.

What clearly emerged from the literature research about mechanisms mostly involved
in the health effects of air pollution is the induction of an oxidative stress status due to
a redox imbalance arising from either the overproduction of oxidants or an impaired
antioxidant defense system. It is postulated that a significant PM-induced pulmonary
inflammatory response releases pro-inflammatory cytokines into the circulation, which
are enough to produce a systemic response [59,167]. Ambient particle pollution might not
only affect healthy skin with a statistically significant increase in urticaria, eczema, contact
dermatitis, rush but additionally can exert detrimental effects in diseased skin, such as in
the case of AD [167]. Current research suggests that air pollutants have two different toxic
modes of action: (i) the outside—inside or (ii) the inside-outside mechanisms. The first one
is based on the penetration of the pollutants into the skin with the consequent exacerbation
of the toxic activity locally and systemically. Regarding the second mechanism of action,
after the lung penetration, particles could generate inflammatory reaction locally, but can
also cause systemic inflammatory reactions, passing through the circulation. The systemic
inflammation induced by air pollutants could affect the skin and other districts, including
the CNS [168,169]. Circulating inflammatory mediators, derived from pollutant inflamed
organs, may activate peripheral neuronal afferents and gain access to the brain by passive
diffusion at the circumventricular organs, which are brain areas lacking the BBB, or active
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transport across the BBB to impact on the CNS [170,171]. Engagement of these immune-to-
brain communication pathways ultimately leads to the subsequent activation of the brain’s
immune surveillance cells (e.g., microglia) giving rise to a local inflammatory response and
enhancing the production of pro-inflammatory cytokines [172]. These events could alter the
CNS immune response, neuronal functions, and/or behavior. Besides cellular damage and
induction of inflammatory mediators in the brain, systemic inflammation alters the cellular
make-up of innate immune cells in the brain. In particular, studies in animal models have
highlighted a role for TNF-c, IL-13, and IL-6 in mediating the communication between
the periphery and the brain during systemic inflammation through the recruitment of a
large number of circulating monocytes [173]. Furthermore, cytokines could cause injury to
cerebral vascular endothelial cells, compromising the integrity and the protective role of
the BBB, or triggering signaling cascades that lead to the activation of the MAP kinase and
NF-kB-mediated pathways. Disruption of BBB integrity could be followed by the trafficking
of mast cells and inflammatory cells to the damage sites [133]. Thus, systemic inflammation
caused by air pollution could give rise to both neuroinflammation and neuropathology,
where neurotoxic effects may be cumulative.

4.2. Role of Microbiota: The Hygiene Hypothesis

A link between air pollution and human microbiota could be expected. The higher
incidence, mainly in industrialized countries, of several diseases, namely allergies, au-
toimmune disorders, CNS diseases, and cancer, could be linked to the hygiene hypothesis,
which proposes that certain microorganisms can protect the host against inflammatory
diseases and that their alteration can be the cause or, better, an exacerbating factor for the
development of various health problems [174,175].

Human microbiota colonizes the human body, and mainly resides in gut, skin, lung,
and vagina. In certain disorders where environmental factors, such as air pollution, are
implicated, an imbalance between commensal bacteria could have an important role
in pathogenesis [176]. The hygiene hypothesis suggests that decreased airway micro-
biota diversity is linked to an increased asthma prevalence [177]. Indeed, it is known
that lung microbiota plays a pivotal role in health and disease [178]. Not only is the
lung microbiota involved, it has been demonstrated that airborne PM exposure alters
the gut microbiota too and induces acute and chronic inflammatory responses in the
intestine [179,180]. A study on mice revealed that inhalation exposure to PM; 5 induced
changes in the bacterial composition throughout the gastrointestinal tract, parallelly with
an increased inflammatory response [181]. Recently, UFPMs also revealed the ability to
change gut microbiota composition in a mouse model [182].

Regarding the connection between air pollution, microbiota, and CNS, an important
player is the gut-brain axis. The gut microbiota is also called the “second brain” [183];
to date, it is known that the microbiota influences neuronal activity as demonstrated by
single-nucleus RNA sequencing experiments which revealed significant alterations in gene
expression in excitatory neurons, glia, and other brain cell types in antibiotic-treated or
germ-free adult mice [184]. The above-mentioned effects of air pollution on gut microbes
reflect on CNS, mainly through the involvement of the immune system [185]. Microglia,
for example, play a pivotal role in the microbiota gut-brain axis, with several implications
for neurodegenerative disorders [186]. Moreover, a combination of probiotic bacteria was
demonstrated to improve emotional behaviors in animals and psychological outcomes in
rodents and humans [187,188], thus microbiota alterations due to air pollution exposure
could contribute to mental illness.

Due to the novelty of this field of research, it is mandatory to better investigate the
role of microbiota in air pollution-related CNS and immune effects.

5. Future Directions and Other Considerations

Given the high number of deaths per year ascribed to outdoor air pollution (e.g.,
4.2 million), it is important to deepen the actual knowledge regarding its effects, and
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it is mandatory to highlight that 90% of people live in places with an air quality that
does not meet WHO guideline limits [6]. Public policy has a central role in lowering air
pollution mainly through the reduction of emissions and setting national standards that
meet WHO air quality guidelines. Invest in research and education focused on unveiling the
mechanistic data underneath air pollution systemic effects, represent an essential tool. Some
examples of interventions to reduce air pollution include developing sustainable transport
in cities; implementing solid waste management; providing access to clean household
fuels and cook stoves; developing market for renewables energies, and energy efficiency
and implementing industrial emissions reductions [189]. Furthermore, it is important to
mention the role played by WHO, for example, in the development of tools such as AirQ+,
a software able to perform calculations that allow quantification of the health effects of
exposure to air pollution; the Health Economic Assessment Tool (HEAT) to assess walking
and cycling interventions; the Green+ tool to raise importance of green space and health;
the Sustainable Transport Health Assessment Tool (STHAT) and the Integrated Transport
and Health Impact Modelling Tool (ITHIM); and the Clean Household Energy Solutions
Toolkit (CHEST) to provide countries and programs with the tools needed to create or
evaluate policies that expand clean household energy access and use [11]. Moreover, in
Europe the global fight against air pollution is today stronger than ever and in 2021, the
European Commission adopted the EU Action Plan: “Towards a Zero Pollution for Air,
Water and Soil”—a key deliverable of the European Green Deal. The “zero pollution” vision
for 2050, divided in several steps, actions, and targets, is to create a toxic-free environment,
achieving climate neutrality [190]. To mitigate the air pollution problem, many efforts
must be taken not only by national governments but exposure can also be reduced by
personal choices. In fact, a lifestyle change adopted by each citizen, may contribute to
the mitigation of air pollution [191]. Some practical examples of these behavioral changes
that people should easily apply are to use of the public and the active transport instead
of private vehicles [192,193]; use of facemasks under appropriate circumstances [194];
optimize driving style and vehicle settings [195]; and moderate outdoor physical activity
when and where air pollution levels are high [196]. In addition, the balance of personal
risks and benefits due to the exposure to air pollutants could be optimize considering the
individual sensitivity [194] considering that fetuses, children, the elderly, and individuals
affected by advanced or chronic diseases represent the most susceptible categories to
clinical health problems related to air pollution [197-200]. The main goal of all these
guidelines, recommendations, and programs is to provide guidance able to reduce air
pollution levels and subsequently to decrease the huge health burden resulting from
exposure to air pollution worldwide.

6. Conclusions

As defined by the WHO, air pollution is a contamination of the indoor or outdoor
environment by any chemical, physical, or biological agent that modifies the natural charac-
teristics of the atmosphere. PM, CO, O3, NO,, and SO, are the major components of outdoor
air pollution and are responsible for a large proportion of health-related pathologies. In
this review, we highlighted the major findings regarding the effects of air pollutants on the
immune and nervous systems, also investigating their mode of action.

In this context, it is of note that human beings are exposed simultaneously to mixtures
of air pollutants and not to single entities. Therefore, the human adverse health outcome
should be investigated, taking into account multiple substances. In the literature, only a few
recent studies investigated the effects of air pollutant mixtures and health effects [201-205].
Recently developed methodologies able to evaluate the presence of multiple chemicals
can also be applied in the air pollution field [206] and statistical approaches to estimate
multi-pollutant mixtures or multiple correlated exposure effects on human health are an
important area of ongoing research, also for regulatory purposes (reviewed in [207]).

Due to the complexity of air pollution composition, the mechanisms involved in
organ dysfunctions and pathologies are not completely clear. Nevertheless, oxidative stress
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and ROS production play a key role in the induction of primary inflammation. Through
the activation of downstream inflammatory pathways, that finally led to an increase in
cytokines expression and to immune cells activation, inflammatory status results are self-
maintained. An integrated view of the brain and skin relationship is leading to a postulation
of the NICE network that could be conceived, such as a bridge between the brain and the
skin composed by cutaneous cells (melanocytes, keratinocytes, fibroblasts, etc.), cutaneous
immune cells (LCs, lymphocytes, and macrophages) and cutaneous nerve fibers. A crosstalk
between all these cells occurs through the release of neuropeptides, cytokines, hormones,
and other effector molecules.

In this context, our review aimed to provide a general view of the interconnections
among air pollution, CNS, and immune system shedding light on crossing aspects between
the two systems, which are usually overlooked. In the literature, we found extensive
data regarding outdoor air pollutants, namely DEP and PM; conversely, little information
regarding other pollutants and in general indoor pollution is present. Therefore, there is
an urgent need of research on this area. Differently from what exists in the literature, we
highlighted the common mechanisms between the immune and nervous systems and the
link between them. Hence, with this review, we have summed up the effects of air pollution
and the possible mechanisms, but the action linking to the pathological outcome remains
unclear, thus deeper investigations are required.

Author Contributions: Conceptualization, M.M.S. and V.G.; writing—original draft preparation,
MMS., AM.,, M.I. and V.G.; writing—review and editing, M.M.S., AM. and V.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kinney, PL. Climate change, air quality, and human health. Am. . Prev. Med. 2008, 35, 459—-467. [CrossRef] [PubMed]

2. Brauer, M.; Amann, M.; Burnett, R.T.; Cohen, A.; Dentener, F.; Ezzati, M.; Henderson, S.B.; Krzyzanowski, M.; Martin, R.V.; Van
Dingenen, R.; et al. Exposure assessment for estimation of the global burden of disease attributable to outdoor air pollution.
Environ. Sci. Technol. 2012, 46, 652—-660. [CrossRef] [PubMed]

3. Kim, K.H.; Kabir, E.; Kabir, S. A review on the human health impact of airborne particulate matter. Environ. Int. 2015, 74, 136-143.
[CrossRef]

4. Vardoulakis, S.; Giagloglou, E.; Steinle, S.; Davis, A.; Sleeuwenhoek, A.; Galea, K.S.; Dixon, K.; Crawford, J.O. Indoor Exposure
to Selected Air Pollutants in the Home Environment: A Systematic Review. Int. J. Environ. Res. Public Health 2020, 17, 8972.
[CrossRef]

5. Mannan, M.; Al-Ghamdji, S5.G. Indoor Air Quality in Buildings: A Comprehensive Review on the Factors Influencing Air Pollution
in Residential and Commercial Structure. Int. J. Environ. Res. Public Health 2021, 18, 3276. [CrossRef]

6.  WHO. Health Topic—Air Pollution. Available online: https:/ /www.who.int/health-topics/air-pollution#tab=tab_1 (accessed on
1 September 2022).

7. Manisalidis, I.; Stavropoulou, E.; Stavropoulos, A.; Bezirtzoglou, E. Environmental and Health Impacts of Air Pollution: A Review.
Front. Public Health 2020, 8, 14. [CrossRef] [PubMed]

8. Aslan, A; Altinoz, B.; Ozsolak, B. The link between urbanization and air pollution in Turkey: Evidence from dynamic autoregres-
sive distributed lag simulations. Environ. Sci. Pollut. Res. Int. 2021, 28, 52370-52380. [CrossRef]

9.  Benziger, C.P; Roth, G.A.; Moran, A.E. The Global Burden of Disease Study and the Preventable Burden of NCD. Glob. Heart
2016, 11, 393-397. [CrossRef]

10. Rutkowski, K.; Sowa, P.; Rutkowska-Talipska, J.; Sulkowski, S.; Rutkowski, R. Allergic diseases: The price of civilisational
progress. Postepy Dermatol. Alergol. 2014, 31, 77-83. [CrossRef]

11.  WHO. Ambient (Outdoor) Air Quality and Health. 2016. Available online: http://www.who.int/en/news-room/fact-sheets/
detail /ambient-(outdoor)-air-quality-and-health (accessed on 1 September 2022).

12.  Phalen, R.E; Mendez, L.B.; Oldham, M.]. New developments in aerosol dosimetry. Inhal. Toxicol. 2010, 22 (Suppl. S2), 6-14.

[CrossRef] [PubMed]


http://doi.org/10.1016/j.amepre.2008.08.025
http://www.ncbi.nlm.nih.gov/pubmed/18929972
http://doi.org/10.1021/es2025752
http://www.ncbi.nlm.nih.gov/pubmed/22148428
http://doi.org/10.1016/j.envint.2014.10.005
http://doi.org/10.3390/ijerph17238972
http://doi.org/10.3390/ijerph18063276
https://www.who.int/health-topics/air-pollution#tab=tab_1
http://doi.org/10.3389/fpubh.2020.00014
http://www.ncbi.nlm.nih.gov/pubmed/32154200
http://doi.org/10.1007/s11356-021-14408-1
http://doi.org/10.1016/j.gheart.2016.10.024
http://doi.org/10.5114/pdia.2014.40936
http://www.who.int/en/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
http://www.who.int/en/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
http://doi.org/10.3109/08958378.2010.516031
http://www.ncbi.nlm.nih.gov/pubmed/20939685

Int. |. Environ. Res. Public Health 2022, 19, 16037 17 of 24

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

38.

39.

Kim, B.J.; Lee, S.Y,; Kim, H.B.; Lee, E.; Hong, S.J. Environmental changes, microbiota, and allergic diseases. Allerqy Asthma
Immunol. Res. 2014, 6, 389—400. [CrossRef] [PubMed]

Schraufnagel, D.E.; Balmes, J.R.; Cowl, C.T.; De Matteis, S.; Jung, S.H.; Mortimer, K.; Perez-Padilla, R.; Rice, M.B.; Riojas-Rodriguez,
H.; Sood, A.; et al. Air Pollution and Noncommunicable Diseases: A Review by the Forum of International Respiratory Societies’
Environmental Committee, Part 2: Air Pollution and Organ Systems. Chest 2019, 155, 417-426. [CrossRef]

Li, X.; Chen, H; Li, Y. The effect of air pollution on children’s migration with parents: Evidence from China. Environ. Sci. Pollut.
Res. Int. 2020, 27, 12499-12513. [CrossRef] [PubMed]

Brauer, M.; Brook, J.R.; Christidis, T.; Chu, Y.; Crouse, D.L.; Erickson, A.; Hystad, P.; Li, C.; Martin, R.V,; Meng, J.; et al.
Mortality-Air Pollution Associations in Low-Exposure Environments (MAPLE): Phase 1. Res. Rep. Health Eff. Inst. 2019, 203, 1-87.
Bert, B.; Maciej, S.; Jie, C.; Zorana, J.A.; Richard, A.; Mariska, B.; Tom, B.; Marie-Christine, B.; Jorgen, B.; Iain, C.; et al. Mortality
and Morbidity Effects of Long-Term Exposure to Low-Level PM2.5, BC, NO;, and O3: An Analysis of European Cohorts in the
ELAPSE Project. Res. Rep Health Eff. Inst. 2021, 208, 1-127.

Dominici, E; Schwartz, J.; Di, Q.; Braun, D.; Choirat, C.; Zanobetti, A. Assessing Adverse Health Effects of Long-Term Exposure
to Low Levels of Ambient Air Pollution: Phase 1. Res. Rep. Health Eff. Inst. 2019, 200, 1-51.

WHO. Global Air Quality Guideline 2021. Available online: https://apps.who.int/iris/bitstream /handle/10665/345329 /97892
40034228-eng.pdf?sequence=1&isAllowed=y (accessed on 10 November 2022).

Nasser, Z.; Salameh, P.; Nasser, W.; Abou Abbas, L.; Elias, E.; Leveque, A. Outdoor particulate matter (PM) and associated
cardiovascular diseases in the Middle East. Int. . Occup. Med. Environ. Health 2015, 28, 641-661. [CrossRef]

Costa, L.G.; Cole, T.B.; Coburn, J.; Chang, Y.C.; Dao, K.; Roque, P. Neurotoxicants are in the air: Convergence of human, animal,
and in vitro studies on the effects of air pollution on the brain. BioMed. Res. Int. 2014, 2014, 736385. [CrossRef]

Costa, L.G.; Cole, T.B.; Dao, K.; Chang, Y.C.; Coburn, ]J.; Garrick, J.M. Effects of air pollution on the nervous system and its
possible role in neurodevelopmental and neurodegenerative disorders. Pharm. Ther. 2020, 210, 107523. [CrossRef]

Loomis, D.; Grosse, Y.; Lauby-Secretan, B.; El Ghissassi, E.; Bouvard, V.; Benbrahim-Tallaa, L.; Guha, N.; Baan, R.; Mattock, H.;
Straif, K.; et al. The carcinogenicity of outdoor air pollution. Lancet Oncol. 2013, 14, 1262-1263. [CrossRef]

Watson, D.; Fernandez, ].A.; Wittmer, D.; Gravgaerd Pedersen, O. Environmental Pressures from European Consumption and Production.
A Study in Integrated Environmental and Economic Analysis; European Environment Agency Technical Report: Copenhagen,
Denmark, 2013. [CrossRef]

World Health Organization; Occupational and Environmental Health Team. WHO Air Quality Guidelines for Particulate Matter,
Ozone, Nitrogen Dioxide and Sulfur Dioxide: Global Update 2005: Summary of Risk Assessment; World Health Organization: Geneva,
Switzerland, 2006.

Esposito, S.; Tenconi, R.; Lelii, M.; Preti, V.; Nazzari, E.; Consolo, S.; Patria, M.E. Possible molecular mechanisms linking air
pollution and asthma in children. BMC Pulm. Med. 2014, 14, 31. [CrossRef] [PubMed]

Real, A.D.; Santurttn, A.; Teresa Zarrabeitia, M. Epigenetic related changes on air quality. Environ. Res. 2021, 197, 111155.
[CrossRef] [PubMed]

European Environment Agency. Air Quality in Europe; EEA Report No 9/2020; European Environment Agency: Copenhagen,
Denmark, 2020. [CrossRef]

Li, F; An, Z,; Li, H.; Gao, X.; Wang, G.; Wu, W. Involvement of Oxidative Stress and the Epidermal Growth Factor Receptor in
Diesel Exhaust Particle-Induced Expression of Inflammatory Mediators in Human Mononuclear Cells. Mediat. Inflamm. 2019,
2019, 3437104. [CrossRef] [PubMed]

Shukla, A.; Bunkar, N.; Kumar, R.; Bhargava, A.; Tiwari, R.; Chaudhury, K.; Goryacheva, 1.Y.; Mishra, PK. Air pollution associated
epigenetic modifications: Transgenerational inheritance and underlying molecular mechanisms. Sci. Total Environ. 2019,
656, 760-777. [CrossRef]

Guidelines for Human Exposure Assessment—EPA 2019 (EPA /100/B-1/001). Available online: https://www.epa.gov /risk/
guidelines-human-exposure-assessment (accessed on 1 September 2022).

Shahadin, M.S.; Ab Mutalib, N.S.; Latif, M.T.; Greene, C.M.; Hassan, T. Challenges and future direction of molecular research in
air pollution-related lung cancers. Lung Cancer 2018, 118, 69-75. [CrossRef]

Paulin, L.; Hansel, N. Particulate air pollution and impaired lung function. F1000Research 2016, 5, 201. [CrossRef]

Leikauf, G.D.; Kim, S.H.; Jang, A.S. Mechanisms of ultrafine particle-induced respiratory health effects. Exp. Mol. Med. 2020,
52,329-337. [CrossRef]

Donaldson, K.; Seaton, A. A short history of the toxicology of inhaled particles. Part. Fibre Toxicol. 2012, 9, 13. [CrossRef]
Nemmar, A.; Hoet, PH.; Vanquickenborne, B.; Dinsdale, D.; Thomeer, M.; Hoylaerts, M.F.,; Vanbilloen, H.; Mortelmans, L.;
Nemery, B. Passage of inhaled particles into the blood circulation in humans. Circulation 2002, 105, 411-414. [CrossRef]

Mills, N.L.; Amin, N.; Robinson, S.D.; Anand, A.; Davies, J.; Patel, D.; de la Fuente, ].M.; Cassee, ER.; Boon, N.A.; Macnee,
W.; et al. Do inhaled carbon nanoparticles translocate directly into the circulation in humans? Am. J. Respir. Crit Care Med. 2006,
173, 426-431. [CrossRef]

IARC. IARC Monographs on the evaluation of carcinogenic risk to humans. In Diesel and Gasoline Engine Exhaust and Some
Nitroarenes; IARC: Lyon, France, 2013; Volume 105, pp. 1-714.

Nguyen, A.V,; Soulika, A.M. The Dynamics of the Skin’s Immune System. Int. J. Mol. Sci. 2019, 20, 1811. [CrossRef] [PubMed]


http://doi.org/10.4168/aair.2014.6.5.389
http://www.ncbi.nlm.nih.gov/pubmed/25228995
http://doi.org/10.1016/j.chest.2018.10.041
http://doi.org/10.1007/s11356-020-07831-3
http://www.ncbi.nlm.nih.gov/pubmed/31997244
https://apps.who.int/iris/bitstream/handle/10665/345329/9789240034228-eng.pdf?sequence=1&isAllowed=y
https://apps.who.int/iris/bitstream/handle/10665/345329/9789240034228-eng.pdf?sequence=1&isAllowed=y
http://doi.org/10.13075/ijomeh.1896.00186
http://doi.org/10.1155/2014/736385
http://doi.org/10.1016/j.pharmthera.2020.107523
http://doi.org/10.1016/S1470-2045(13)70487-X
http://doi.org/10.2800/70634
http://doi.org/10.1186/1471-2466-14-31
http://www.ncbi.nlm.nih.gov/pubmed/24581224
http://doi.org/10.1016/j.envres.2021.111155
http://www.ncbi.nlm.nih.gov/pubmed/33891958
http://doi.org/10.2800/786656
http://doi.org/10.1155/2019/3437104
http://www.ncbi.nlm.nih.gov/pubmed/31827376
http://doi.org/10.1016/j.scitotenv.2018.11.381
https://www.epa.gov/risk/guidelines-human-exposure-assessment
https://www.epa.gov/risk/guidelines-human-exposure-assessment
http://doi.org/10.1016/j.lungcan.2018.01.016
http://doi.org/10.12688/f1000research.7108.1
http://doi.org/10.1038/s12276-020-0394-0
http://doi.org/10.1186/1743-8977-9-13
http://doi.org/10.1161/hc0402.104118
http://doi.org/10.1164/rccm.200506-865OC
http://doi.org/10.3390/ijms20081811
http://www.ncbi.nlm.nih.gov/pubmed/31013709

Int. |. Environ. Res. Public Health 2022, 19, 16037 18 of 24

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Fogarty, A.W. What have studies of non-industrialized countries told us about the cause of allergic disease? Clin. Exp. Allergy
2015, 45, 87-93. [CrossRef] [PubMed]

Dijkhoff, LM.; Drasler, B.; Karakocak, B.B.; Petri-Fink, A.; Valacchi, G.; Eeman, M.; Rothen-Rutishauser, B. Impact of airborne
particulate matter on skin: A systematic review from epidemiology to in vitro studies. Part. Fibre Toxicol. 2020, 17, 35. [CrossRef]
Ahn, K. The role of air pollutants in atopic dermatitis. J. Allergy Clin. Immunol. 2014, 134, 993-999. [CrossRef] [PubMed]
Kurutas, E.B. The importance of antioxidants which play the role in cellular response against oxidative/nitrosative stress: Current
state. Nutr. J. 2016, 15, 71. [CrossRef] [PubMed]

Bartra, J.; Mullol, J.; del Cuvillo, A.; Davila, I; Ferrer, M.; Jauregui, I.; Montoro, J.; Sastre, ].; Valero, A. Air pollution and allergens.
J. Investig. Allergol. Clin. Immunol. 2007, 17 (Suppl. S2), 3-8. [PubMed]

Muranaka, M.; Suzuki, S.; Koizumi, K.; Takafuji, S.; Miyamoto, T.; Ikemori, R.; Tokiwa, H. Adjuvant activity of diesel-exhaust
particulates for the production of IgE antibody in mice. J. Allergy Clin. Immunol. 1986, 77, 616—623. [CrossRef]

Yanagisawa, R.; Takano, H.; Inoue, K.I.; Ichinose, T.; Sadakane, K.; Yoshino, S.; Yamaki, K.; Yoshikawa, T.; Hayakawa, K.
Components of diesel exhaust particles differentially affect Th1/Th2 response in a murine model of allergic airway inflammation.
Clin. Exp. Allergy 2006, 36, 386-395. [CrossRef]

Kobayashi, T. Exposure to diesel exhaust aggravates nasal allergic reaction in guinea pigs. Am. J. Res. Crit Care Med. 2000,
162, 352-356. [CrossRef]

Devalia, J.L.; Bayram, H.; Abdelaziz, M.M.; Sapsford, R.J.; Davies, R.J. Differences between cytokine release from bronchial
epithelial cells of asthmatic patients and non-asthmatic subjects: Effect of exposure to diesel exhaust particles. Int. Arch. Allergy
Immunol. 2019, 118, 437-439. [CrossRef]

Pierdominici, M.; Maselli, A.; Cecchetti, S.; Tinari, A.; Mastrofrancesco, A.; Alfe, M.; Gargiulo, V.; Beatrice, C.; Di Blasio, G;
Carpinelli, G.; et al. Diesel exhaust particle exposure in vitro impacts T lymphocyte phenotype and function. Part. Fibre Toxicol.
2014, 11, 74. [CrossRef] [PubMed]

Miiller, L.; Chehrazi, C.V.; Henderson, M.W.; Noah, T.L.; Jaspers, I. Diesel exhaust particles modify natural killer cell function and
cytokine release. Part. Fibre Toxicol. 2013, 10, 16. [CrossRef] [PubMed]

Marano, E; Boland, S.; Bonvallot, V.; Baulig, A.; Baeza-Squiban, A. Human airway epithelial cells in culture for studying the
molecular mechanisms of the inflammatory response triggered by diesel exhaust particles. Cell Biol. Toxicol. 2002, 18, 315-320.
[CrossRef] [PubMed]

Amara, N.; Bachoual, R.; Desmard, M.; Golda, S.; Guichard, C.; Lanone, S.; Aubier, M.; Ogier-Denis, E.; Boczkowski, J. Diesel
exhaust particles induce matrix metalloprotease-1 in human lung epithelial cells via a NADP(H) oxidase/NOX4 redox-dependent
mechanism. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2007, 293, L170-L181. [CrossRef] [PubMed]

Li, N.; Alam, J.; Venkatesan, M.I; Eiguren-Fernandez, A.; Schmitz, D.; Di Stefano, E.; Slaughter, N.; Killeen, E.; Wang, X.; Huang,
A.; et al. Nrf2 is a key transcription factor that regulates antioxidant defense in macrophages and epithelial cells: Protecting
against the proinflammatory and oxidizing effects of diesel exhaust chemicals. J. Immunol. 2004, 173, 3467-3481. [CrossRef]
Pourazar, J.; Mudway, L.S.; Samet, ].M.; Helleday, R.; Blomberg, A.; Wilson, S.J.; Frew, A].; Kelly, E].; Sandstrom, T. Diesel
exhaust activates redox-sensitive transcription factors and kinases in human airways. Am. J. Physiol.-Lung Cell Mol. Physiol. 2005,
289, L724-L730. [CrossRef]

Tal, T.L.; Simmons, S.O,; Silbajoris, R.; Dailey, L.; Cho, S.H.; Ramabhadran, R.; Linak, W.; Reed, W.; Bromberg, P.A.; Samet, ] M.
Differential transcriptional regulation of IL-8 expression by human airway epithelial cells exposed to diesel exhaust particles.
Toxicol. Appl. Pharmacol. 2010, 243, 46-54. [CrossRef]

Jantzen, K.; Roursgaard, M.; Desler, C.; Loft, S.; Rasmussen, L.J.; Meller, P. Oxidative damage to DNA by diesel exhaust particle
exposure in co-cultures of human lung epithelial cells and macrophages. Mutagenesis 2012, 27, 693-701. [CrossRef]

de Oliveira, A.A.F,; de Oliveira, T.F,; Dias, M.F.; Medeiros, M.H.G.; Di Mascio, P.; Veras, M.; Lemos, M.; Marcourakis, T.; Saldiva,
PH.N.; Loureiro, A.P.M. Genotoxic and epigenotoxic effects in mice exposed to concentrated ambient fine particulate matter
(PM2.5) from Sao Paulo city, Brazil. Part. Fibre Toxicol. 2018, 15, 40. [CrossRef]

Lee, CW,; Vo, T.T.T.; Wu, C.Z,; Chi, M.C; Lin, CM.; Fang, M.L.; Lee, I.T. The Inducible Role of Ambient Particulate Matter
in Cancer Progression via Oxidative Stress-Mediated Reactive Oxygen Species Pathways: A Recent Perception. Cancers 2020,
12, 2505. [CrossRef]

Wang, J.; Huang, J.; Wang, L.; Chen, C.; Yang, D.; Jin, M.; Bai, C.; Song, Y. Urban particulate matter triggers lung inflammation via
the ROS-MAPK-NEF-«B signaling pathway. . Thorac. Dis. 2017, 9, 4398-4412. [CrossRef] [PubMed]

Al Hanai, A.H.; Antkiewicz, D.S.; Hemming, ].D.C.; Shafer, M.M.; Lai, A.M.; Arhami, M.; Hosseini, V.; Schauer, ].J. Seasonal
variations in the oxidative stress and inflammatory potential of PM2.5 in Tehran using an alveolar macrophage model; The role of
chemical composition and sources. Environ. Int. 2019, 123, 417-427. [CrossRef] [PubMed]

Ishii, H.; Hayashi, S.; Hogg, ].C.; Fujii, T.; Goto, Y.; Sakamoto, N.; Mukae, H.; Vincent, R.; Van Eeden, S.F. Alveolar macrophage-
epithelial cell interaction following exposure to atmospheric particles induces the release of mediators involved in monocyte
mobilization and recruitment. Respir. Res. 2005, 6, 87. [CrossRef] [PubMed]

de FC Lichtenfels, A.J.; van der Plaat, D.A.; de Jong, K.; van Diemen, C.C.; Postma, D.S.; Nedeljkovic, I.; Van Duijn, C.M.; Amin,
N.; la Bastide-van Gemert, S.; de Vries, M; et al. Long-term Air Pollution Exposure, Genome-wide DNA Methylation and Lung
Function in the LifeLines Cohort Study. Environ. Health Perspect. 2018, 126, 027004. [CrossRef] [PubMed]


http://doi.org/10.1111/cea.12339
http://www.ncbi.nlm.nih.gov/pubmed/24807225
http://doi.org/10.1186/s12989-020-00366-y
http://doi.org/10.1016/j.jaci.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25439225
http://doi.org/10.1186/s12937-016-0186-5
http://www.ncbi.nlm.nih.gov/pubmed/27456681
http://www.ncbi.nlm.nih.gov/pubmed/18225705
http://doi.org/10.1016/0091-6749(86)90355-6
http://doi.org/10.1111/j.1365-2222.2006.02452.x
http://doi.org/10.1164/ajrccm.162.2.9809035
http://doi.org/10.1159/000024157
http://doi.org/10.1186/s12989-014-0074-0
http://www.ncbi.nlm.nih.gov/pubmed/25498254
http://doi.org/10.1186/1743-8977-10-16
http://www.ncbi.nlm.nih.gov/pubmed/23618096
http://doi.org/10.1023/A:1019548517877
http://www.ncbi.nlm.nih.gov/pubmed/12240962
http://doi.org/10.1152/ajplung.00445.2006
http://www.ncbi.nlm.nih.gov/pubmed/17449795
http://doi.org/10.4049/jimmunol.173.5.3467
http://doi.org/10.1152/ajplung.00055.2005
http://doi.org/10.1016/j.taap.2009.11.011
http://doi.org/10.1093/mutage/ges035
http://doi.org/10.1186/s12989-018-0276-y
http://doi.org/10.3390/cancers12092505
http://doi.org/10.21037/jtd.2017.09.135
http://www.ncbi.nlm.nih.gov/pubmed/29268509
http://doi.org/10.1016/j.envint.2018.12.023
http://www.ncbi.nlm.nih.gov/pubmed/30622066
http://doi.org/10.1186/1465-9921-6-87
http://www.ncbi.nlm.nih.gov/pubmed/16053532
http://doi.org/10.1289/EHP2045
http://www.ncbi.nlm.nih.gov/pubmed/29410382

Int. |. Environ. Res. Public Health 2022, 19, 16037 19 of 24

63.

64.
65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Clifford, R.L.; Jones, M.].; Maclsaac, J.L.; McEwen, L.M.; Goodman, S.J.; Mostafavi, S.; Kobor, M.S.; Carlsten, C. Inhalation of
diesel exhaust and allergen alters human bronchial epithelium DNA methylation. J. Allergy Clin. Immunol. 2017, 139, 112-121.
[CrossRef] [PubMed]

Pai, V.V,; Shukla, P; Kikkeri, N.N. Antioxidants in dermatology. Indian Derm. Online ]. 2014, 5, 210-214. [CrossRef]
Chaiprasongsuk, A.; Lohakul, J.; Soontrapa, K.; Sampattavanich, S.; Akarasereenont, P.; Panich, U. Activation of Nrf2 Reduces
UVA-Mediated MMP-1 Upregulation via MAPK/AP-1 Signaling Cascades: The Photoprotective Effects of Sulforaphane and
Hispidulin. . Pharmacol. Exp. Ther. 2017, 360, 388-398. [CrossRef]

D’Orazio, J.; Jarrett, S.; Amaro-Ortiz, A.; Scott, T. UV radiation and the skin. Int. ]. Mol. Sci. 2013, 14, 12222-12248. [CrossRef]
Prasad, R.; Katiyar, S.K. Crosstalk among UV-Induced Inflammatory Mediators, DNA Damage and Epigenetic Regulators
Facilitates Suppression of the Immune System. Photochem. Photobiol. 2017, 93, 930-936. [CrossRef]

Ryu, Y.S.; Kang, K.A.; Piao, M.].; Ahn, M ].; Yi, ] M; Bossis, G.; Hyun, Y.M.; Park, C.O.; Hyun, ].W. Particulate matter-induced
senescence of skin keratinocytes involves oxidative stress-dependent epigenetic modifications. Exp. Mol. Med. 2019, 51, 1-14.
[CrossRef]

Tiotiu, A.L,; Novakova, P.; Nedeva, D.; Chong-Neto, H.].; Novakova, S.; Steiropoulos, P.; Kowal, K. Impact of Air Pollution on
Asthma Outcomes. Int. |. Environ. Res. Public Health 2020, 17, 6212. [CrossRef]

To, T.; Zhu, ].; Stieb, D.; Gray, N.; Fong, I; Pinault, L.; Jerrett, M.; Robichaud, A.; Ménard, R.; van Donkelaar, A.; et al. Early
life exposure to air pollution and incidence of childhood asthma, allergic rhinitis and eczema. Eur. Respir. |. 2020, 55, 1900913.
[CrossRef]

Bieber, T. Atopic dermatitis. N. Engl. ]. Med. 2008, 358, 1483-1494. [CrossRef]

Centers for Disease Control and Prevention (US); National Center for Chronic Disease Prevention and Health Promotion (US);
Office on Smoking and Health (US). How Tobacco Smoke Causes Disease: The Biology and Behavioral Basis for Smoking-Attributable
Disease: A Report of the Surgeon General; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2010.

Morita, A. Tobacco smoke causes premature skin aging. J. Derm. Sci. 2007, 48, 169-175. [CrossRef] [PubMed]

Lipa, K.; Zajac, N.; Owczarek, W.; Ciechanowicz, P.; Szymanska, E.; Walecka, I. Does smoking affect your skin? Postepy Dermatol.
Alergol. 2021, 38, 371-376. [CrossRef] [PubMed]

Kantor, R.; Kim, A.; Thyssen, J.P,; Silverberg, J.I. Association of atopic dermatitis with smoking: A systematic review and
meta-analysis. |. Am. Acad. Dermatol. 2016, 75, 1119-1125.el. [CrossRef] [PubMed]

Tan, B.L.; Norhaizan, M.E.; Liew, W.P.; Sulaiman Rahman, H. Antioxidant and Oxidative Stress: A Mutual Interplay in Age-Related
Diseases. Front. Pharmacol. 2018, 9, 1162. [CrossRef]

Valacchi, G.; Sticozzi, C.; Belmonte, G.; Cervellati, F.; Demaude, J.; Chen, N.; Krol, Y.; Oresajo, C. Vitamin C Compound Mixtures
Prevent Ozone-Induced Oxidative Damage in Human Keratinocytes as Initial Assessment of Pollution Protection. PLoS ONE
2015, 10, e0131097. [CrossRef]

Lodovici, M.; Bigagli, E. Oxidative stress and air pollution exposure. J. Toxicol. 2011, 2011, 487074. [CrossRef]

Yang, I.V.; Schwartz, D.A. Epigenetic mechanisms and the development of asthma. J. Allergy Clin. Immunol. 2012, 130, 1243-1255.
[CrossRef]

Smith, K.R,; Bruce, N.; Balakrishnan, K.; Adair-Rohani, H.; Balmes, J.; Chafe, Z.; Dherani, M.; Hosgood, H.D.; Mehta, S.; Pope, D.
Millions dead: How do we know and what does it mean? Methods used in the comparative risk assessment of household air
pollution. Annu. Rev. Public Health 2014, 35, 185-206. [CrossRef] [PubMed]

Lacasafia, M.; Esplugues, A.; Ballester, F. Exposure to ambient air pollution and prenatal and early childhood health effects. Eur J.
Epidemiol. 2005, 20, 183-199. [CrossRef] [PubMed]

Cao, J.; Xu, X.; Hylkema, M.N.; Zeng, E.Y; Sly, P.D.; Suk, W.A.; Bergman, A.; Huo, X. Early-life Exposure to Widespread
Environmental Toxicants and Health Risk: A Focus on the Immune and Respiratory Systems. Ann. Glob. Health 2016, 82, 119-131.
[CrossRef]

Gascon, M.; Sunyer, J. Air pollution and respiratory health in childhood. Arch. Bronconeu. Mol. 2015, 51, 371-372. [CrossRef]
Johnson, N.M.; Hoffmann, A.R.; Behlen, ]J.C.; Lau, C.; Pendleton, D.; Harvey, N.; Shore, R.; Li, Y.; Chen, J.; Tian, Y.; et al. Air
pollution and children’s health-a review of adverse effects associated with prenatal exposure from fine to ultrafine particulate
matter. Environ. Health Prev. Med. 2021, 26, 72. [CrossRef]

Bauer, R.N.; Diaz-Sanchez, D.; Jaspers, L. Effects of air pollutants on innate immunity: The role of Toll-like receptors and
nucleotide-binding oligomerization domain-like receptors. J. Allergy Clin. Immunol. 2012, 129, 14-24. [CrossRef] [PubMed]
Becker, S.; Fenton, M.].; Soukup, ].M. Involvement of microbial components and toll-like receptors 2 and 4 in cytokine responses
to air pollution particles. Am. J. Respir. Cell Mol. Biol. 2002, 27, 611-618. [CrossRef]

Kollmann, T.R.; Levy, O.; Montgomery, R.R.; Goriely, S. Innate immune function by Toll-like receptors: Distinct responses in
newborns and the elderly. Immunity 2012, 37, 771-783. [CrossRef]

Sram, R.J. Impact of Air Pollution on the Health of the Population in Parts of the Czech Republic. Int. J. Environ. Res. Public Health
2020, 17, 6454. [CrossRef]

Peden, D.B. Prenatal exposure to particulate matter air pollution: A preventable risk for childhood asthma. J. Allergy Clin.
Immunol. 2021, 148, 716-718. [CrossRef] [PubMed]

Deng, Q.; Lu, C.; Li, Y,; Sundell, J.; Norbak, D. Exposure to outdoor air pollution during trimesters of pregnancy and childhood
asthma, allergic rhinitis, and eczema. Environ. Res. 2016, 150, 119-127. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jaci.2016.03.046
http://www.ncbi.nlm.nih.gov/pubmed/27321436
http://doi.org/10.4103/2229-5178.131127
http://doi.org/10.1124/jpet.116.238048
http://doi.org/10.3390/ijms140612222
http://doi.org/10.1111/php.12687
http://doi.org/10.1038/s12276-019-0305-4
http://doi.org/10.3390/ijerph17176212
http://doi.org/10.1183/13993003.00913-2019
http://doi.org/10.1056/NEJMra074081
http://doi.org/10.1016/j.jdermsci.2007.06.015
http://www.ncbi.nlm.nih.gov/pubmed/17951030
http://doi.org/10.5114/ada.2021.103000
http://www.ncbi.nlm.nih.gov/pubmed/34377115
http://doi.org/10.1016/j.jaad.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/27542586
http://doi.org/10.3389/fphar.2018.01162
http://doi.org/10.1371/journal.pone.0131097
http://doi.org/10.1155/2011/487074
http://doi.org/10.1016/j.jaci.2012.07.052
http://doi.org/10.1146/annurev-publhealth-032013-182356
http://www.ncbi.nlm.nih.gov/pubmed/24641558
http://doi.org/10.1007/s10654-004-3005-9
http://www.ncbi.nlm.nih.gov/pubmed/15792286
http://doi.org/10.1016/j.aogh.2016.01.023
http://doi.org/10.1016/j.arbr.2015.03.015
http://doi.org/10.1186/s12199-021-00995-5
http://doi.org/10.1016/j.jaci.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22196521
http://doi.org/10.1165/rcmb.4868
http://doi.org/10.1016/j.immuni.2012.10.014
http://doi.org/10.3390/ijerph17186454
http://doi.org/10.1016/j.jaci.2021.07.007
http://www.ncbi.nlm.nih.gov/pubmed/34310929
http://doi.org/10.1016/j.envres.2016.05.050
http://www.ncbi.nlm.nih.gov/pubmed/27281689

Int. |. Environ. Res. Public Health 2022, 19, 16037 20 of 24

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

Lavigne, E.; Bélair, M.A.; Rodriguez Duque, D.; Do, M.T; Stieb, D.M.; Hystad, P.; van Donkelaar, A.; Martin, R.V.; Crouse, D.L.;
Crighton, E.; et al. Effect modification of perinatal exposure to air pollution and childhood asthma incidence. Eur. Respir. ]. 2018,
51,1701884. [CrossRef]

Fu, L.; Yang, X.; Liu, X.; Yu, G.; Wang, Z. Prenatal O3 exposure increases the severity of OVA-induced asthma in offspring.
Ecotoxicol. Environ. Saf. 2020, 188, 109867. [CrossRef] [PubMed]

Kannan, S.; Misra, D.P,; Dvonch, ].T.; Krishnakumar, A. Exposures to airborne particulate matter and adverse perinatal outcomes:
A biologically plausible mechanistic framework for exploring potential effect modification by nutrition. Environ. Health Perspect.
2006, 114, 1636-1642. [CrossRef] [PubMed]

Dietert, R.R.; Etzel, R.A.; Chen, D.; Halonen, M.; Holladay, S.D.; Jarabek, A.M.; Landreth, K.; Peden, D.B.; Pinkerton, K,;
Smialowicz, R.J.; et al. Workshop to identify critical windows of exposure for children’s health: Immune and respiratory systems
work group summary. Environ. Health Perspect. 2000, 108 (Suppl. S3), 483-490. [CrossRef]

Hew, K.M.; Walker, A.L; Kohli, A.; Garcia, M.; Syed, A.; McDonald-Hyman, C.; Noth, E.M.; Mann, ] K.; Pratt, B.; Balmes, J.; et al.
Childhood exposure to ambient polycyclic aromatic hydrocarbons is linked to epigenetic modifications and impaired systemic
immunity in T cells. Clin. Exp. Allergy 2015, 45, 238-248. [CrossRef]

Deng, Q.; Lu, C.; Yu, Y,; Li, Y;; Sundell, J.; Norback, D. Early life exposure to traffic-related air pollution and allergic rhinitis in
preschool children. Respir. Med. 2016, 121, 67-73. [CrossRef]

Bowatte, G.; Lodge, C.; Lowe, A].; Erbas, B.; Perret, J.; Abramson, M.].; Matheson, M.; Dharmage, S.C. The influence of childhood
traffic-related air pollution exposure on asthma, allergy and sensitization: A systematic review and a meta-analysis of birth cohort
studies. Allergy 2015, 70, 245-256. [CrossRef] [PubMed]

Wang, C.; Wei, C.C.; Wan, L.; Lin, C.L.; Tsai, ].D. Association of exposure to hydrocarbon air pollution with the incidence of atopic
dermatitis in children. Ital. J. Pediatr. 2021, 47, 202. [CrossRef]

Ranciére, F.; Bougas, N.; Viola, M.; Momas, I. Early Exposure to Traffic-Related Air Pollution, Respiratory Symptoms at 4 Years of
Age, and Potential Effect Modification by Parental Allergy, Stressful Family Events, and Sex: A Prospective Follow-up Study of
the PARIS Birth Cohort. Environ. Health Perspect. 2017, 125, 737-745. [CrossRef] [PubMed]

Carroquino, M.J.; Posada, M.; Landrigan, PJ. Environmental Toxicology: Children at Risk. In Environmental Toxicology; Springer:
New York, NY, USA, 2013; pp. 239-291. [CrossRef]

Prunicki, M.; Stell, L.; Dinakarpandian, D.; de Planell-Saguer, M.; Lucas, R.W.; Katharine Hammond, S.; Balmes, J.R.; Zhou, X,;
Paglino, T.; Sabatti, C.; et al. Exposure to NO,, CO, and PM2.5 is linked to regional DNA methylation differences in asthma. Clin.
Epigenetics 2018, 10, 2. [CrossRef] [PubMed]

Min, K.D.; Yi, S.J.; Kim, H.C.; Leem, ]. H.; Kwon, H.J.; Hong, S.; Kim, K.S.; Kim, S.Y. Association between exposure to traffic-related
air pollution and pediatric allergic diseases based on modeled air pollution concentrations and traffic measures in Seoul, Korea:
A comparative analysis. Environ. Health 2020, 19, 6. [CrossRef] [PubMed]

Bowatte, G.; Lodge, C.J.; Knibbs, L.D.; Lowe, A.].; Erbas, B.; Dennekamp, M.; Marks, G.B.; Giles, G.; Morrison, S.; Thompson,
B.; et al. Traffic-related air pollution exposure is associated with allergic sensitization, asthma, and poor lung function in middle
age. J. Allergy Clin. Immunol. 2017, 139, 122-129.el. [CrossRef]

Rouadi, PW,; Idriss, S.A.; Naclerio, R.M.; Peden, D.B.; Ansotegui, L.].; Canonica, G.W.; Gonzalez-Diaz, S.N.; Rosario Filho, N.A;
Ivancevich, J.C.; Hellings, PW.; et al. Immunopathological features of air pollution and its impact on inflammatory airway
diseases (IAD). World Allergy Organ. J. 2020, 13, 100467. [CrossRef] [PubMed]

Mudway, L.S.; Kelly, EJ.; Holgate, S.T. Oxidative stress in air pollution research. Free Radic. Biol. Med. 2020, 151, 2—6. [CrossRef]
[PubMed]

Geiser, M.; Kreyling, W.G. Deposition and biokinetics of inhaled nanoparticles. Part. Fibre Toxicol. 2010, 7, 2. [CrossRef]

Chen, L.; Yokel, R.A ; Hennig, B.; Toborek, M. Manufactured aluminum oxide nanoparticles decrease expression of tight junction
proteins in brain vasculature. J. Neuroimmune Pharm. 2008, 4, 286-295. [CrossRef]

Oberdorster, G.; Sharp, Z.; Atudorei, V.; Elder, A.; Gelein, R.; Kreyling, W.; Cox, C. Translocation of inhaled ultrafine particles to
the brain. Inhal. Toxicol. 2004, 16, 437-445. [CrossRef] [PubMed]

Sunderman, EW., Jr. Nasal toxicity, carcinogenicity, and olfactory uptake of metals. Ann. Clin. Lab. Sci. 2001, 31, 3-24. [PubMed]
Elder, A.; Gelein, R ; Silva, V.; Feikert, T.; Opanashuk, L.; Carter, J.; Potter, R.; Maynard, A.; Ito, Y.; Finkelstein, J.; et al. Translocation
of inhaled ultrafine manganese oxide particles to the central nervous system. Environ. Health Perspect. 2006, 114, 1172-1178.
[CrossRef] [PubMed]

Lucchini, R.G.; Dorman, D.C.; Elder, A.; Veronesi, B. Neurological impacts from inhalation of pollutants and the nose-brain
connection. Neurotoxicology 2012, 33, 838-841. [CrossRef] [PubMed]

Bromberg, P.A. Mechanisms of the acute effects of inhaled ozone in humans. Biochim. Biophys. Acta 2016, 1860, 2771-278]1.
[CrossRef] [PubMed]

Thomson, E.M. Air Pollution, Stress, and Allostatic Load: Linking Systemic and Central Nervous System Impacts. J. Alzheimers
Dis. 2019, 69, 597-614. [CrossRef]

Costa, L.G.; Chang, Y.C.; Cole, T.B. Developmental Neurotoxicity of Traffic-Related Air Pollution: Focus on Autism. Curr. Environ.
Health Rep. 2017, 4, 156-165. [CrossRef] [PubMed]

Buoli, M; Grassi, S.; Caldiroli, A.; Carnevali, G.S.; Mucci, E; Iodice, S.; Cantone, L.; Pergoli, L.; Bollati, V. Is there a link between
air pollution and mental disorders? Environ. Int. 2018, 118, 154-168. [CrossRef] [PubMed]


http://doi.org/10.1183/13993003.01884-2017
http://doi.org/10.1016/j.ecoenv.2019.109867
http://www.ncbi.nlm.nih.gov/pubmed/31689658
http://doi.org/10.1289/ehp.9081
http://www.ncbi.nlm.nih.gov/pubmed/17107846
http://doi.org/10.1289/ehp.00108s3483
http://doi.org/10.1111/cea.12377
http://doi.org/10.1016/j.rmed.2016.10.016
http://doi.org/10.1111/all.12561
http://www.ncbi.nlm.nih.gov/pubmed/25495759
http://doi.org/10.1186/s13052-021-01157-7
http://doi.org/10.1289/EHP239
http://www.ncbi.nlm.nih.gov/pubmed/27219743
http://doi.org/10.1007/978-1-4614-5764-0_11
http://doi.org/10.1186/s13148-017-0433-4
http://www.ncbi.nlm.nih.gov/pubmed/29317916
http://doi.org/10.1186/s12940-020-0563-6
http://www.ncbi.nlm.nih.gov/pubmed/31937319
http://doi.org/10.1016/j.jaci.2016.05.008
http://doi.org/10.1016/j.waojou.2020.100467
http://www.ncbi.nlm.nih.gov/pubmed/33042360
http://doi.org/10.1016/j.freeradbiomed.2020.04.031
http://www.ncbi.nlm.nih.gov/pubmed/32360613
http://doi.org/10.1186/1743-8977-7-2
http://doi.org/10.1007/s11481-008-9131-5
http://doi.org/10.1080/08958370490439597
http://www.ncbi.nlm.nih.gov/pubmed/15204759
http://www.ncbi.nlm.nih.gov/pubmed/11314863
http://doi.org/10.1289/ehp.9030
http://www.ncbi.nlm.nih.gov/pubmed/16882521
http://doi.org/10.1016/j.neuro.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22178536
http://doi.org/10.1016/j.bbagen.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27451958
http://doi.org/10.3233/JAD-190015
http://doi.org/10.1007/s40572-017-0135-2
http://www.ncbi.nlm.nih.gov/pubmed/28417440
http://doi.org/10.1016/j.envint.2018.05.044
http://www.ncbi.nlm.nih.gov/pubmed/29883762

Int. |. Environ. Res. Public Health 2022, 19, 16037 21 of 24

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Chang, Y.C.; Cole, T.B.; Costa, L.G. Prenatal and early-life diesel exhaust exposure causes autism-like behavioral changes in mice.
Part. Fibre Toxicol. 2018, 15, 18. [CrossRef] [PubMed]

Gladka, A.; Rymaszewska, J.; Zatonski, T. Impact of air pollution on depression and suicide. Int. ]. Occup. Med. Environ. Health
2018, 31, 711-721. [CrossRef]

Roberts, S.; Arseneault, L.; Barratt, B.; Beevers, S.; Danese, A.; Odgers, C.L.; Moffitt, T.E.; Reuben, A.; Kelly, EJ.; Fisher, H.L.
Exploration of NO2 and PM2.5 air pollution and mental health problems using high-resolution data in London-based children
from a UK longitudinal cohort study. Psychiatry Res. 2019, 272, 8-17. [CrossRef]

Danysh, H.E.; Mitchell, L.E.; Zhang, K.; Scheurer, M.E.; Lupo, PJ. Traffic-related air pollution and the incidence of childhood
central nervous system tumors: Texas, 2001-2009. Pediatr. Blood Cancer 2015, 62, 1572-1578. [CrossRef]

Boda, E.; Rigamonti, A.E.; Bollati, V. Understanding the effects of air pollution on neurogenesis and gliogenesis in the growing
and adult brain. Curr. Opin. Pharmacol. 2020, 50, 61-66. [CrossRef]

Giovannini, N.; Schwartz, L.; Cipriani, S.; Parazzini, F.; Baini, I.; Signorelli, V.; Cetin, I. Particulate matter (PM10) exposure, birth
and fetal-placental weight and umbilical arterial pH: Results from a prospective study. |. Matern. Fetal. Neonatal Med. 2018,
31, 651-655. [CrossRef]

Calderén-Garciduenias, L.; Mora-Tiscarefio, A.; Ontiveros, E.; Gomez-Garza, G.; Barragan-Mejia, G.; Broadway, J.; Chapman, S.;
Valencia-Salazar, G.; Jewells, V.; Maronpot, R.R.; et al. Air pollution, cognitive deficits and brain abnormalities: A pilot study with
children and dogs. Brain Cogn. 2008, 68, 117-127. [CrossRef]

Calderén-Garciduenas, L.; Engle, R.; Mora-Tiscarefio, A.; Styner, M.; Gémez-Garza, G.; Zhu, H.; Jewells, V.; Torres-Jardon, R.;
Romero, L.; Monroy-Acosta, M.E.; et al. Exposure to severe urban air pollution influences cognitive outcomes, brain volume and
systemic inflammation in clinically healthy children. Brain Cogn. 2011, 77, 345-355. [CrossRef]

Calderon-Garciduetias, L.; Kulesza, R.J.; Doty, R.L.; D’Angiulli, A.; Torres-Jardon, R. Megacities air pollution problems: Mexico
City Metropolitan Area critical issues on the central nervous system pediatric impact. Environ. Res. 2015, 137, 157-169. [CrossRef]
Newman, N.C.; Ryan, P.; Lemasters, G.; Levin, L.; Bernstein, D.; Khurana Hershey, G.K.; Lockey, ].E.; Villareal, M.; Reponen, T.;
Grinshpun, S.; et al. Traffic-related air pollution exposure in the first year of life and behavioral scores at 7 years of age. Environ.
Health Perspect. 2013, 121, 731-736. [CrossRef] [PubMed]

Perera, EP.; Tang, D.; Wang, S.; Vishnevetsky, J.; Zhang, B.; Diaz, D.; Camann, D.; Rauh, V. Prenatal polycyclic aromatic
hydrocarbon (PAH) exposure and child behavior at age 67 years. Environ. Health Perspect. 2012, 120, 921-926. [CrossRef]
[PubMed]

Suzuki, T.; Oshio, S.; Iwata, M.; Saburi, H.; Odagiri, T.; Udagawa, T.; Sugawara, I.; Umezawa, M.; Takeda, K. In utero exposure to
a low concentration of diesel exhaust affects spontaneous locomotor activity and monoaminergic system in male mice. Part. Fibre
Toxicol. 2010, 7, 7. [CrossRef]

Yokota, S.; Moriya, N.; Iwata, M.; Umezawa, M.; Oshio, S.; Takeda, K. Exposure to diesel exhaust during fetal period affects
behavior and neurotransmitters in male offspring mice. J. Toxicol. Sci. 2013, 38, 13-23. [CrossRef] [PubMed]

Win-Shwe, T.T.; Yamamoto, S.; Fujitani, Y.; Hirano, S.; Fujimaki, H. Nanoparticle-rich diesel exhaust affects hippocampal-
dependent spatial learning and NMDA receptor subunit expression in female mice. Nanotoxicology 2012, 6, 543-553. [CrossRef]
[PubMed]

Davis, D.A.; Bortolato, M.; Godar, S.C.; Sander, T.K.; Iwata, N.; Pakbin, P.; Shih, J.C.; Berhane, K.; McConnell, R.; Sioutas, C.; et al.
Prenatal exposure to urban ai.ir nanoparticles in mice causes altered neuronal differentiation and depression-like responses. PLoS
ONE 2013, 8, 64128. [CrossRef] [PubMed]

Thirtamara Rajamani, K.; Doherty-Lyons, S.; Bolden, C.; Willis, D.; Hoffman, C.; Zelikoff, J.; Chen, L.C.; Gu, H. Prenatal and
early-life exposure to high-level diesel exhaust particles leads to increased locomotor activity and repetitive behaviors in mice.
Autism Res. 2013, 6, 248-257. [CrossRef] [PubMed]

Babadjouni, R:M.; Hodis, D.M.; Radwanski, R.; Durazo, R.; Patel, A.; Liu, Q.; Mack, W.J. Clinical effects of air pollution on the
central nervous system; a review. . Clin. Neurosci. 2017, 43, 16-24. [CrossRef]

Calderén-Garciduenas, L.; Solt, A.C.; Henriquez-Roldan, C.; Torres-Jardén, R.; Nuse, B.; Herritt, L.; Villarreal-Calderén, R.;
Osnaya, N.; Stone, I.; Garcia, R.; et al. Long-term air pollution exposure is associated with neuroinflammation, an altered innate
immune response, disruption of the blood-brain barrier, ultrafine particulate deposition, and accumulation of amyloid beta-42
and alpha-synuclein in children and young adults. Toxicol. Pathol. 2008, 36, 289-310. [CrossRef] [PubMed]
Calderén-Garciduefias, L.; Kavanaugh, M.; Block, M.; D’ Angiulli, A.; Delgado-Chavez, R.; Torres-Jardon, R.; Gonzalez-Maciel, A;
Reynoso-Robles, R.; Osnaya, N.; Villarreal-Calderon, R.; et al. Neuroinflammation, hyperphosphorylated tau, diffuse amyloid
plaques, and down-regulation of the cellular prion protein in air pollution exposed children and young adults. J. Alzheimers Dis.
2012, 28, 93-107. [CrossRef] [PubMed]

Lucchini, R.G.; Guazzetti, S.; Zoni, S.; Benedetti, C.; Fedrighi, C.; Peli, M.; Donna, F.; Bontempi, E.; Borgese, L.; Micheletti, S.; et al.
Neurofunctional dopaminergic impairment in elderly after lifetime exposure to manganese. Neurotoxicology 2014, 45, 309-317.
[CrossRef]

Peters, R.; Ee, N.; Peters, J.; Booth, A.; Mudway, I.; Anstey, K.J. Air Pollution and Dementia: A Systematic Review. ]. Alzheimers
Dis. 2019, 70, S145-5163. [CrossRef]

Tyler, C.R.; Noor, S.; Young, T.L.; Rivero, V.; Sanchez, B.; Lucas, S.; Caldwell, K.K.; Milligan, E.D.; Campen, M.]. Aging Exacerbates
Neuroinflammatory Outcomes Induced by Acute Ozone Exposure. Toxicol. Sci. 2018, 163, 123-139. [CrossRef]


http://doi.org/10.1186/s12989-018-0254-4
http://www.ncbi.nlm.nih.gov/pubmed/29678176
http://doi.org/10.13075/ijomeh.1896.01277
http://doi.org/10.1016/j.psychres.2018.12.050
http://doi.org/10.1002/pbc.25549
http://doi.org/10.1016/j.coph.2019.12.003
http://doi.org/10.1080/14767058.2017.1293032
http://doi.org/10.1016/j.bandc.2008.04.008
http://doi.org/10.1016/j.bandc.2011.09.006
http://doi.org/10.1016/j.envres.2014.12.012
http://doi.org/10.1289/ehp.1205555
http://www.ncbi.nlm.nih.gov/pubmed/23694812
http://doi.org/10.1289/ehp.1104315
http://www.ncbi.nlm.nih.gov/pubmed/22440811
http://doi.org/10.1186/1743-8977-7-7
http://doi.org/10.2131/jts.38.13
http://www.ncbi.nlm.nih.gov/pubmed/23358136
http://doi.org/10.3109/17435390.2011.590904
http://www.ncbi.nlm.nih.gov/pubmed/21663545
http://doi.org/10.1371/journal.pone.0064128
http://www.ncbi.nlm.nih.gov/pubmed/23734187
http://doi.org/10.1002/aur.1287
http://www.ncbi.nlm.nih.gov/pubmed/23495194
http://doi.org/10.1016/j.jocn.2017.04.028
http://doi.org/10.1177/0192623307313011
http://www.ncbi.nlm.nih.gov/pubmed/18349428
http://doi.org/10.3233/JAD-2011-110722
http://www.ncbi.nlm.nih.gov/pubmed/21955814
http://doi.org/10.1016/j.neuro.2014.05.006
http://doi.org/10.3233/JAD-180631
http://doi.org/10.1093/toxsci/kfy014

Int. |. Environ. Res. Public Health 2022, 19, 16037 22 of 24

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Hahad, O.; Lelieveld, J.; Birklein, E; Lieb, K.; Daiber, A.; Miinzel, T. Ambient Air Pollution Increases the Risk of Cerebrovascular
and Neuropsychiatric Disorders through Induction of Inflammation and Oxidative Stress. Intf. J. Mol. Sci. 2020, 21, 4306.
[CrossRef] [PubMed]

Calderén-Garcidueiias, L.; Villarreal-Calderon, R.; Valencia-Salazar, G.; Henriquez-Roldan, C.; Gutiérrez-Castrellon, P.; Torres-
Jardén, R.; Osnaya-Brizuela, N.; Romero, L.; Torres-Jardoén, R.; Solt, A.; et al. Systemic inflammation, endothelial dysfunction, and
activation in clinically healthy children exposed to air pollutants. Inhal. Toxicol. 2008, 20, 499-506. [CrossRef] [PubMed]
Coburn, J.L,; Cole, T.B.; Dao, K.T.; Costa, L.G. Acute exposure to diesel exhaust impairs adult neurogenesis in mice: Prominence
in males and protective effect of pioglitazone. Arch. Toxicol. 2018, 92, 1815-1829. [CrossRef]

Chang, Y.C.; Daza, R.; Hevner, R; Costa, L.G.; Cole, T.B. Prenatal and early life diesel exhaust exposure disrupts cortical lamina
organization: Evidence for a reelin-related pathogenic pathway induced by interleukin-6. Brain Behav. Immun. 2019, 78, 105-115.
[CrossRef] [PubMed]

Gerlofs-Nijland, M.E.; van Berlo, D.; Cassee, F.R.; Schins, R.P.; Wang, K.; Campbell, A. Effect of prolonged exposure to diesel
engine exhaust on proinflammatory markers in different regions of the rat brain. Part. Fibre Toxicol. 2010, 7, 12. [CrossRef]
[PubMed]

van Berlo, D.; Albrecht, C.; Knaapen, A.M.; Cassee, F.R.; Gerlofs-Nijland, M.E.; Kooter, . M.; Palomero-Gallagher, N.; Bidmon,
H.J.; van Schooten, FJ.; Krutmann, J.; et al. Comparative evaluation of the effects of short-term inhalation exposure to diesel
engine exhaust on rat lung and brain. Arch. Toxicol. 2010, 84, 553-562. [CrossRef] [PubMed]

Cole, T.B.; Coburn, J.; Dao, K.; Roqué, P.; Chang, Y.C.; Kalia, V.; Guilarte, T.R.; Dziedzic, J.; Costa, L.G. Sex and genetic differences
in the effects of acute diesel exhaust exposure on inflammation and oxidative stress in mouse brain. Toxicology 2016, 374, 1-9.
[CrossRef] [PubMed]

Ehsanifar, M.; Montazeri, Z.; Taheri, M.A; Rafati, M.; Behjati, M.; Karimian, M. Hippocampal inflammation and oxidative stress
following exposure to diesel exhaust nanoparticles in male and female mice. Neurochem. Int. 2021, 145, 104989. [CrossRef]
[PubMed]

Block, M.L.; Wu, X; Pei, Z.; Li, G.; Wang, T.; Qin, L.; Wilson, B.; Yang, J.; Hong, J.S.; Veronesi, B. Nanometer size diesel exhaust
particles are selectively toxic to dopaminergic neurons: The role of microglia, phagocytosis, and NADPH oxidase. FASEB . 2004,
18, 1618-1620. [CrossRef] [PubMed]

Sama, P; Long, T.C.; Hester, S.; Tajuba, J.; Parker, J.; Chen, L.C.; Veronesi, B. The cellular and genomic response of an immortalized
microglia cell line (BV2) to concentrated ambient particulate matter. Inhal. Toxicol. 2007, 19, 1079-1087. [CrossRef] [PubMed]
Woodward, N.C.; Levine, M.C.; Haghani, A.; Shirmohammadi, F.; Saffari, A.; Sioutas, C.; Morgan, T.E.; Finch, C.E. Toll-like
receptor 4 in glial inflammatory responses to air pollution in vitro and in vivo. J. Neuroinflammation 2017, 14, 84. [CrossRef]
Calderén-Garciduenas, L.; Reed, W.; Maronpot, R.R.; Henriquez-Roldan, C.; Delgado-Chavez, R.; Calderén-Garciduenias, A.;
Dragustinovis, I.; Franco-Lira, M.; Aragon-Flores, M.; Solt, A.C.; et al. Brain inflammation and Alzheimer’s-like pathology in
individuals exposed to severe air pollution. Toxicol. Pathol. 2004, 32, 650-658. [CrossRef] [PubMed]

Goémez-Budia, M.; Konttinen, H.; Saveleva, L.; Korhonen, P; Jalava, PI.; Kanninen, K.M.; Malm, T. Glial smog: Interplay between
air pollution and astrocyte-microglia interactions. Neurochem. Int. 2020, 136, 104715. [CrossRef]

Calderén-Garciduetias, L.; Azzarelli, B.; Acuna, H.; Garcia, R.; Gambling, T.M.; Osnaya, N.; Monroy, S.; DEL Tizapantzi, M.R,;
Carson, J.L.; Villarreal-Calderon, A.; et al. Air pollution and brain damage. Toxicol. Pathol. 2002, 30, 373-389. [CrossRef] [PubMed]
Chen, ].C.; Wang, X.; Wellenius, G.A.; Serre, M.L.; Driscoll, I.; Casanova, R.; McArdle, J.J.; Manson, J.E.; Chui, H.C.; Espeland,
M.A. Ambient air pollution and neurotoxicity on brain structure: Evidence from women’s health initiative memory study. Ann.
Neurol. 2015, 78, 466—476. [CrossRef] [PubMed]

Peterson, B.S.; Rauh, V.A.; Bansal, R.; Hao, X.; Toth, Z.; Nati, G.; Walsh, K.; Miller, R.L.; Arias, F.; Semanek, D.; et al. Effects of
prenatal exposure to air pollutants (polycyclic aromatic hydrocarbons) on the development of brain white matter, cognition, and
behavior in later childhood. JAMA Psychiatry 2015, 72, 625. [CrossRef] [PubMed]

Li, B.; Guo, L.; Ku, T.; Chen, M,; Li, G.; Sang, N. PM2.5 exposure stimulates COX-2-mediated excitatory synaptic transmission via
ROS-NF-«B pathway. Chemosphere 2018, 190, 124-134. [CrossRef] [PubMed]

Kim, H.; Kim, W.H.; Kim, Y.Y.; Park, H.Y. Air Pollution and Central Nervous System Disease: A Review of the Impact of Fine
Particulate Matter on Neurological Disorders. Front. Public Health 2020, 8, 575330. [CrossRef] [PubMed]

Puri, P; Nandar, S.K.; Kathuria, S.; Ramesh, V. Effects of air pollution on the skin: A review. Indian . Derm. Venereol. Leprol. 2017,
83, 415-423. [CrossRef]

Arias-Pérez, R.D.; Taborda, N.A.; Gémez, D.M.; Narvaez, ].F,; Porras, J.; Hernandez, J.C. Inflammatory effects of particulate
matter air pollution. Environ. Sci. Pollut. Res. Int. 2020, 27, 42390-42404. [CrossRef]

Hung, S.C.; Cheng, H.Y,; Yang, C.C.; Lin, C.I,; Ho, C.K,; Lee, W.H.; Cheng, EJ.; Li, C.J.; Chuang, H.Y. The Association of White
Blood Cells and Air Pollutants-A Population-Based Study. Int. ]. Environ. Res. Public Health 2021, 18, 2370. [CrossRef]
Valavanidis, A.; Vlachogianni, T.; Fiotakis, K.; Loridas, S. Pulmonary oxidative stress, inflammation and cancer: Respirable
particulate matter, fibrous dusts and ozone as major causes of lung carcinogenesis through reactive oxygen species mechanisms.
Int. J. Environ. Res. Public Health 2013, 10, 3886-3907. [CrossRef]

Liu, A.H. Endotoxin exposure in allergy and asthma: Reconciling a paradox. J. Allergy Clin. Immunol. 2002, 109, 379-392.
[CrossRef]


http://doi.org/10.3390/ijms21124306
http://www.ncbi.nlm.nih.gov/pubmed/32560306
http://doi.org/10.1080/08958370701864797
http://www.ncbi.nlm.nih.gov/pubmed/18368620
http://doi.org/10.1007/s00204-018-2180-5
http://doi.org/10.1016/j.bbi.2019.01.013
http://www.ncbi.nlm.nih.gov/pubmed/30668980
http://doi.org/10.1186/1743-8977-7-12
http://www.ncbi.nlm.nih.gov/pubmed/20478040
http://doi.org/10.1007/s00204-010-0551-7
http://www.ncbi.nlm.nih.gov/pubmed/20467864
http://doi.org/10.1016/j.tox.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27865893
http://doi.org/10.1016/j.neuint.2021.104989
http://www.ncbi.nlm.nih.gov/pubmed/33582162
http://doi.org/10.1096/fj.04-1945fje
http://www.ncbi.nlm.nih.gov/pubmed/15319363
http://doi.org/10.1080/08958370701628721
http://www.ncbi.nlm.nih.gov/pubmed/17957548
http://doi.org/10.1186/s12974-017-0858-x
http://doi.org/10.1080/01926230490520232
http://www.ncbi.nlm.nih.gov/pubmed/15513908
http://doi.org/10.1016/j.neuint.2020.104715
http://doi.org/10.1080/01926230252929954
http://www.ncbi.nlm.nih.gov/pubmed/12051555
http://doi.org/10.1002/ana.24460
http://www.ncbi.nlm.nih.gov/pubmed/26075655
http://doi.org/10.1001/jamapsychiatry.2015.57
http://www.ncbi.nlm.nih.gov/pubmed/25807066
http://doi.org/10.1016/j.chemosphere.2017.09.098
http://www.ncbi.nlm.nih.gov/pubmed/28987401
http://doi.org/10.3389/fpubh.2020.575330
http://www.ncbi.nlm.nih.gov/pubmed/33392129
http://doi.org/10.4103/0378-6323.199579
http://doi.org/10.1007/s11356-020-10574-w
http://doi.org/10.3390/ijerph18052370
http://doi.org/10.3390/ijerph10093886
http://doi.org/10.1067/mai.2002.122157

Int. |. Environ. Res. Public Health 2022, 19, 16037 23 of 24

161.

162.

163.

164.

165.

166.
167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.
184.

185.

186.

Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.
Acta 2016, 1863, 2977-2992. [CrossRef]

Vidal Yucha, S.E.; Tamamoto, K.A.; Kaplan, D.L. The importance of the neuro-immuno-cutaneous system on human skin
equivalent design. Cell Prolif. 2019, 52, €12677. [CrossRef]

O’Sullivan, R.L.; Lipper, G.; Lerner, E.A. The neuro-immuno-cutaneous-endocrine network: Relationship of mind and skin. Arch.
Derm. 1998, 134, 1431-1435. [CrossRef]

Brazzini, B.; Ghersetich, I.; Hercogova, J.; Lotti, T. The neuro-immuno-cutaneous-endocrine network: Relationship between mind
and skin. Dermatol. Ther. 2003, 16, 123-131. [CrossRef] [PubMed]

Dantzer, R. Neuroimmune Interactions: From the Brain to the Inmune System and Vice Versa. Physiol. Rev. 2018, 98, 477-504.
[CrossRef] [PubMed]

Misery L Atopic dermatitis and the nervous system. Clin. Rev. Allergy Immunol. 2011, 41, 259-266. [CrossRef]

Tisoncik, J.R.; Korth, M.].; Simmons, C.P,; Farrar, J.; Martin, T.R.; Katze, M.G. Into the eye of the cytokine storm. Microbiol. Mol.
Biol. Rev. 2012, 76, 16-32. [CrossRef] [PubMed]

Araviiskaia, E.; Berardesca, E.; Bieber, T.; Gontijo, G.; Sanchez Viera, M.; Marrot, L.; Chuberre, B.; Dreno, B. The impact of airborne
pollution on skin. J. Eur. Acad. Derm. Venereol. 2019, 33, 1496-1505. [CrossRef]

Kelley, K.W.; Réaux-Le Goazigo, A. Dialing in the dialogue between inflammation and the brain. Brain Behav. Immun. 2020,
88, 252-255. [CrossRef] [PubMed]

Chavan, S.S.; Pavlov, V.A ; Tracey, K.J. Mechanisms and Therapeutic Relevance of Neuro-immune Communication. Immunity
2017, 46, 927-942. [CrossRef] [PubMed]

Pavlov, V.A,; Chavan, S.S.; Tracey, K.J. Molecular and Functional Neuroscience in Immunity. Annu. Rev. Immunol. 2018,
36, 783-812. [CrossRef] [PubMed]

Boche, D.; Perry, V.H.; Nicoll, ].A. Review: Activation patterns of microglia and their identification in the human brain. Neuropathol.
Appl. Neurobiol. 2013, 39, 3-18. [CrossRef]

D’Mello, C.; Swain, M.G. Immune-to-Brain Communication Pathways in Inflammation-Associated Sickness and Depression.
Inflamm. Assoc. Depress. Evid. Mech. Implic. 2017, 31, 73-94. [CrossRef]

von Mutius, E.; Vercelli, D. Farm living: Effects on childhood asthma and allergy. Nat. Rev. Immunol. 2010, 10, 861-868. [CrossRef]
[PubMed]

Panelli, S.; Epis, S.; Cococcioni, L.; Perini, M.; Paroni, M.; Bandi, C.; Drago, L.; Zuccotti, G.V. Inflammatory bowel diseases,
the hygiene hypothesis and the other side of the microbiota: Parasites and fungi. Pharmacol Res. 2020, 159, 104962. [CrossRef]
[PubMed]

Da Costa Maranduba, C.M.; Ribeiro De Castro, S.B.; Torres de Souza, G.; Rossato, C.; Carlos da Guia, F.; Santana Valente, M. A ;
Paes Rettore, ].V.; Pereira Maranduba, C.; Maurmann de Souza, C.; Resende do Carmo, A.M.; et al. Intestinal microbiota as
modulators of the immune system and neuroimmune system: Impact on the host health and homeostasis. J. Immunol. Res. 2015,
2015, 931574. [CrossRef]

Webley, W.C.; Aldridge, K.L. Infectious asthma triggers: Time to revise the hygiene hypothesis? Trends Microbiol. 2015, 23, 389-391.
[CrossRef]

Huang, Y.J.; Charlson, E.S.; Collman, R.G.; Colombini-Hatch, S.; Martinez, F.D.; Senior, R.M. The role of the lung microbiome
in health and disease. A National Heart, Lung, and Blood Institute workshop report. Am. ]. Respir. Crit. Care Med. 2013,
187, 1382-1387. [CrossRef]

Kish, L.; Hotte, N.; Kaplan, G.G.; Vincent, R.; Tso, R.; Génzle, M.; Rioux, K.P,; Thiesen, A.; Barkema, H-W.; Wine, E; et al.
Environmental particulate matter induces murine intestinal inflammatory responses and alters the gut microbiome. PLoS ONE
2013, 8, 62220. [CrossRef] [PubMed]

Allais, L.; Kerckhof, EM.; Verschuere, S.; Bracke, K.R.; De Smet, R.; Laukens, D.; Van den Abbeele, P.; De Vos, M.; Boon, N.;
Brusselle, G.G.; et al. Chronic cigarette smoke exposure induces microbial and inflammatory shifts and mucin changes in the
murine gut. Environ. Microbiol. 2016, 18, 1352-1363. [CrossRef]

Mutlu, E.A.; Comba, 1.Y.; Cho, T.; Engen, P.A.; Yazici, C.; Soberanes, S.; Hamanaka, R.B.; Nigdelioglu, R.; Meliton, A.Y.; Ghio,
Al].; et al. Inhalational exposure to particulate matter air pollution alters the composition of the gut microbiome. Environ. Pollut.
2018, 240, 817-830. [CrossRef] [PubMed]

Yang, K.; Xu, M,; Cao, J.; Zhu, Q.; Rahman, M.; Holmén, B.A.; Fukagawa, N.K.; Zhu, J. Ultrafine particles altered gut microbial
population and metabolic profiles in a sex-specific manner in an obese mouse model. Sci. Rep. 2021, 11, 6906. [CrossRef]
Ridaura, V.; Belkaid, Y. Gut microbiota: The link to your second brain. Cell 2015, 161, 193-194. [CrossRef]

Chu, C.; Murdock, M.H,; Jing, D.; Won, T.H.; Chung, H.; Kressel, A.M.; Tsaava, T.; Addorisio, M.E.; Putzel, G.G.; Zhou, L.; et al.
The microbiota regulate neuronal function and fear extinction learning. Nature 2019, 574, 543-548. [CrossRef] [PubMed]

El Aidy, S.; Dinan, T.G.; Cryan, J.F. Gut Microbiota: The Conductor in the Orchestra of Inmune-Neuroendocrine Communication.
Clin. Ther. 2015, 37, 954-967. [CrossRef] [PubMed]

Cryan, ].F; Dinan, T.G. Gut microbiota: Microbiota and neuroimmune signalling-Metchnikoff to microglia. Nat. Rev. Gastroenterol.
Hepatol. 2015, 12, 494-496. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbamcr.2016.09.012
http://doi.org/10.1111/cpr.12677
http://doi.org/10.1001/archderm.134.11.1431
http://doi.org/10.1046/j.1529-8019.2003.01621.x
http://www.ncbi.nlm.nih.gov/pubmed/12919114
http://doi.org/10.1152/physrev.00039.2016
http://www.ncbi.nlm.nih.gov/pubmed/29351513
http://doi.org/10.1007/s12016-010-8225-z
http://doi.org/10.1128/MMBR.05015-11
http://www.ncbi.nlm.nih.gov/pubmed/22390970
http://doi.org/10.1111/jdv.15583
http://doi.org/10.1016/j.bbi.2020.01.022
http://www.ncbi.nlm.nih.gov/pubmed/32014576
http://doi.org/10.1016/j.immuni.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28636960
http://doi.org/10.1146/annurev-immunol-042617-053158
http://www.ncbi.nlm.nih.gov/pubmed/29677475
http://doi.org/10.1111/nan.12011
http://doi.org/10.1007/7854_2016_37
http://doi.org/10.1038/nri2871
http://www.ncbi.nlm.nih.gov/pubmed/21060319
http://doi.org/10.1016/j.phrs.2020.104962
http://www.ncbi.nlm.nih.gov/pubmed/32480001
http://doi.org/10.1155/2015/931574
http://doi.org/10.1016/j.tim.2015.05.006
http://doi.org/10.1164/rccm.201303-0488WS
http://doi.org/10.1371/journal.pone.0062220
http://www.ncbi.nlm.nih.gov/pubmed/23638009
http://doi.org/10.1111/1462-2920.12934
http://doi.org/10.1016/j.envpol.2018.04.130
http://www.ncbi.nlm.nih.gov/pubmed/29783199
http://doi.org/10.1038/s41598-021-85784-4
http://doi.org/10.1016/j.cell.2015.03.033
http://doi.org/10.1038/s41586-019-1644-y
http://www.ncbi.nlm.nih.gov/pubmed/31645720
http://doi.org/10.1016/j.clinthera.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25846319
http://doi.org/10.1038/nrgastro.2015.127
http://www.ncbi.nlm.nih.gov/pubmed/26215386

Int. |. Environ. Res. Public Health 2022, 19, 16037 24 of 24

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.
197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Messaoudi, M.; Lalonde, R.; Violle, N.; Javelot, H.; Desor, D.; Nejdi, A.; Bisson, J.E; Rougeot, C.; Pichelin, M.; Cazaubiel,
M.; et al. Assessment of psychotropic-like properties of a probiotic formulation (Lactobacillus helveticus R0052 and Bifidobac-
terium longum R0175) in rats and human subjects. Br. J. Nutr. 2011, 105, 755-764. [CrossRef]

Burokas, A.; Arboleya, S.; Moloney, R.D.; Peterson, V.L.; Murphy, K.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Targeting the
Microbiota-Gut-Brain Axis: Prebiotics Have Anxiolytic and Antidepressant-like Effects and Reverse the Impact of Chronic Stress
in Mice. Biol. Psychiatry 2017, 82, 472-487. [CrossRef] [PubMed]

WHO. Health Consequences of Air Pollution on Populations. Available online: https://www.who.int/news/item/15-11-2019
-what-are-health-consequences-of-air-pollution-on-populations (accessed on 15 November 2019).

Pathway to a Healthy Planet for All. EU Action Plan: “Towards Zero Pollution for Air, Water and Soil”. Available online: https:
/ /eur-lex.europa.eu/resource.html?uri=cellar:alc34a56-b314-11eb-8aca-01aa75ed71a1.0001.02 /DOC_1&format=PDF (accessed
on 9 November 2022).

Sofia, D.; Gioiella, F.; Lotrecchiano, N.; Giuliano, A. Mitigation strategies for reducing air pollution. Environ. Sci. Pollut. Res. 2020,
27,19226-19235. [CrossRef] [PubMed]

Lindsay, G.; Macmillan, A.; Woodward, A. Moving urban trips from cars to bicycles: Impact on health and emissions. Aust. N. Z.
J. Public Health 2011, 35, 54-60. [CrossRef]

de Nazelle, A.; Bode, O.; Orjuela, ].P. Comparison of air pollution exposures in active vs. passive travel modes in European cities:
A quantitative review. Envrion. Int. 2017, 99, 151-160. [CrossRef]

Laumbach, R.; Meng, Q.; Kipen, H. What can individuals do to reduce personal health risks from air pollution? ]. Thorac. Dis.
2015, 7, 96-107. [CrossRef] [PubMed]

Carlsten, C.; Salvi, S.; Wong, G.W.K.; Chung, K.E. Personal strategies to minimise effects of air pollution on respiratory health:
Adpvice for providers, patients and the public. Eur. Respir. ]. 2020, 55, 1902056. [CrossRef] [PubMed]

Giles, L.V.; Koehle, M.S. The health effects of exercising in air pollution. Sports Med. 2014, 44, 223-249. [CrossRef] [PubMed]
Wright, R.J.; Brunst, K.J. Programming of respiratory health in childhood: Influence of outdoor air pollution. Curr. Opin. Pediatr.
2013, 25, 232-239. [CrossRef]

Janghorbani, M.; Momeni, F.; Mansourian, M. Systematic review and metaanalysis of air pollution exposure and risk of diabetes.
Eur. . Epidemiol. 2014, 29, 231-242. [CrossRef]

Backes, C.H.; Nelin, T.; Gorr, M.W.; Wold, L.E. Early life exposure to air pollution: How bad is it? Toxicol. Lett. 2013, 216, 47-53.
[CrossRef]

Laumbach, R.J. Outdoor air pollutants and patient health. Am. Fam. Physician 2010, 81, 175-180.

Sun, Y.; Li, X,; Benmarhnia, T.; Chen, ].C.; Avila, C.; Sacks, D.A.; Chiu, V,; Slezak, J.; Molitor, J.; Getahun, D.; et al. Exposure to air
pollutant mixture and gestational diabetes mellitus in Southern California: Results from electronic health record data of a large
pregnancy cohort. Environ. Int. 2022, 158, 106888. [CrossRef]

Li, R.; Hou, J.; Tu, R.; Liu, X.; Zuo, T.; Dong, X.; Pan, M.; Yin, S.; Hu, K.; Mao, Z.; et al. Associations of mixture of air pollutants
with estimated 10-year atherosclerotic cardiovascular disease risk modified by socio-economic status: The Henan Rural Cohort
Study. Sci. Total Environ. 2021, 793, 148542. [CrossRef]

Novakova, Z.; Novak, J.; Kitanovski, Z.; Kukucka, P.; Smutna, M.; Wietzoreck, M.; Lammel, G.; Hilscherova, K. Toxic potentials
of particulate and gaseous air pollutant mixtures and the role of PAHs and their derivatives. Environ. Int. 2020, 139, 105634.
[CrossRef] [PubMed]

Laine, J.E.; Bodinier, B.; Robinson, O.; Plusquin, M.; Scalbert, A.; Keski-Rahkonen, P.; Robinot, N.; Vermeulen, R.; Pizzi, C.; Asta,
F.; et al. Prenatal Exposure to Multiple Air Pollutants, Mediating Molecular Mechanisms, and Shifts in Birthweight. Environ. Sci.
Technol. 2020, 54, 14502-14513. [CrossRef] [PubMed]

Occelli, E; Lanier, C.; Cuny, D.; Deram, A.; Dumont, J.; Amouyel, P.; Montaye, M.; Dauchet, L.; Dallongeville, J.; Genin, M.
Exposure to multiple air pollutants and the incidence of coronary heart disease: A fine-scale geographic analysis. Sci. Total
Environ. 2020, 714, 136608. [CrossRef]

Keil, A.P; Buckley, ].P.; O’Brien, K.M.; Ferguson, K.K.; Zhao, S.; White, A.J. A Quantile-Based g-Computation Approach to
Addressing the Effects of Exposure Mixtures. Environ. Health Perspect. 2020, 128, 47004. [CrossRef] [PubMed]

Stafoggia, M.; Breitner, S.; Hampel, R.; Basagafia, X. Statistical Approaches to Address Multi-Pollutant Mixtures and Multiple
Exposures: The State of the Science. Curr. Environ. Health Rep. 2017, 4, 481-490. [CrossRef] [PubMed]


http://doi.org/10.1017/S0007114510004319
http://doi.org/10.1016/j.biopsych.2016.12.031
http://www.ncbi.nlm.nih.gov/pubmed/28242013
https://www.who.int/news/item/15-11-2019-what-are-health-consequences-of-air-pollution-on-populations
https://www.who.int/news/item/15-11-2019-what-are-health-consequences-of-air-pollution-on-populations
https://eur-lex.europa.eu/resource.html?uri=cellar:a1c34a56-b314-11eb-8aca-01aa75ed71a1.0001.02/DOC_1&format=PDF
https://eur-lex.europa.eu/resource.html?uri=cellar:a1c34a56-b314-11eb-8aca-01aa75ed71a1.0001.02/DOC_1&format=PDF
http://doi.org/10.1007/s11356-020-08647-x
http://www.ncbi.nlm.nih.gov/pubmed/32279263
http://doi.org/10.1111/j.1753-6405.2010.00621.x
http://doi.org/10.1016/j.envint.2016.12.023
http://doi.org/10.3978/j.issn.2072-1439.2014.12.21
http://www.ncbi.nlm.nih.gov/pubmed/25694820
http://doi.org/10.1183/13993003.02056-2019
http://www.ncbi.nlm.nih.gov/pubmed/32241830
http://doi.org/10.1007/s40279-013-0108-z
http://www.ncbi.nlm.nih.gov/pubmed/24174304
http://doi.org/10.1097/MOP.0b013e32835e78cc
http://doi.org/10.1007/s10654-014-9907-2
http://doi.org/10.1016/j.toxlet.2012.11.007
http://doi.org/10.1016/j.envint.2021.106888
http://doi.org/10.1016/j.scitotenv.2021.148542
http://doi.org/10.1016/j.envint.2020.105634
http://www.ncbi.nlm.nih.gov/pubmed/32446144
http://doi.org/10.1021/acs.est.0c02657
http://www.ncbi.nlm.nih.gov/pubmed/33124810
http://doi.org/10.1016/j.scitotenv.2020.136608
http://doi.org/10.1289/EHP5838
http://www.ncbi.nlm.nih.gov/pubmed/32255670
http://doi.org/10.1007/s40572-017-0162-z
http://www.ncbi.nlm.nih.gov/pubmed/28988291

	Air Pollution: State of the Art 
	Air Pollution and the Immune System 
	Lung and Skin: Route of Exposure 
	Air Pollution Pathways in the Immune System 
	Air Pollution in Immune System Critical Windows: Pregnancy, Infancy and Childhood 

	Air Pollution and the Nervous System 
	Air Pollution Way to the Brain 
	Air Pollution in CNS Critical Windows: Neurodevelopment and Neurodegeneration 
	Air Pollution Pathways in the CNS 

	Possible Interaction between the Immune and Nervous System? 
	Neuro–Immune–Cutaneous–Endocrine (NICE) Network 
	Role of Microbiota: The Hygiene Hypothesis 

	Future Directions and Other Considerations 
	Conclusions 
	References

