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Abstract: Over the past decades, asthma and allergic diseases, such as allergic rhinitis and eczema, have
become increasingly common, but the reason for this increased prevalence is still unclear. It has become
apparent that genetic variation alone is not sufficient to account for the observed changes; rather, the
changing environment, together with alterations in lifestyle and eating habits, are likely to have driven
the increase in prevalence, and in some cases, severity of disease. This is particularly highlighted by recent
awareness of, and concern about, the exposure to ubiquitous environmental pollutants, including chemicals
with oxidant-generating capacities, and their impact on the human respiratory and immune systems. Indeed,
several epidemiological studies have identified a variety of risk factors, including ambient pollutant gases
and airborne particles, for the prevalence and the exacerbation of allergic diseases. However, the responsible
pollutants remain unclear and the causal relationship has not been established. Recent studies of cellular and
animal models have suggested several plausible mechanisms, with the most consistent observation being the
direct effects of particle components on the generation of reactive oxygen species (ROS) and the resultant
oxidative stress and inflammatory responses. This review attempts to highlight the experimental findings,
with particular emphasis on several major mechanistic events initiated by exposure to particulate matters

(PMs) in the exposure-disease relationship.
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Allergic diseases and asthma still remain a critical public
health, medical and economic problem, and are, in fact,
among the major causes of illness and disability for all ages,
particularly in Taiwan. Unfortunately, the trend of disease
incidence is still on the rise and has caused significant
economic burden to the general public. Particularly, data
from a recent survey of 24,999 first-grade students in
"Taiwan revealed an alarmingly high prevalence of physician-
diagnosed asthma, allergic rhinitis, and atopic eczema,
with 13.0%, 33.7% and 29.8%, respectively (1). This is,
indeed, a disturbing trend, considering also the fact that
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allergic diseases are often a chronic condition for life. The
initial assessment of Taiwan’s National Health Insurance
(NHI) expenditures for asthma* indicated that the annual
healthcare cost is estimated to be more than 4 billion (NTS),
when all outpatient visits and hospital admissions with
asthma as one of the first three diagnoses were included*. In
fact, the treatment and care for severe asthma represented
more than half of the expenditure incurred. This significant
increase in health cost is alarming, which highlights an
urgent need for better understanding of the etiology and its

causative mechanisms in order to improve treatment and

www.jthoracdis.com 7 Thorac Dis 2015;7(1):23-33



24 Huang et al. Mechanisms of air pollution’s impact on allergic diseases

develop effective prevention strategies.

Mechanistic aspects of air pollution’s effects

In the past decades, the increase in our understanding of
the pathogenesis of allergic diseases has been substantial,
and a Th2-dominant immune response leading to tissue
inflammation and remodeling has long been considered as
the underlying mechanism (2). Recently, new evidence has
also been presented in support of the importance of innate
immunity at the level of dendritic cell and epithelial cell
response in disease expression (3,4), and additional types
of T-cell responses [e.g., Th17 and innate lymphoid cells
(iLCs)] also likely contribute to the disease progression (5,6).
In the context of asthma, which is characterized by
intermittent reversible airway obstruction, persistent
pulmonary inflammation, fibrosis and enhanced airway
hyperresponsiveness are considered to be the leading cause,
particularly in severe cases (7,8). However, our current
understanding of the molecular and genetic basis of asthma
and allergic diseases is still incomplete; also, a significant
portion of the adult asthma population appears to be “non-
atopic”, but the etiology of this unique population remains
to be defined. In this context, there has been a wealth of
evidence linking exposure to both outdoor and indoor air
pollution, especially airborne PMs, to adverse effects on
the allergic diseases, where PM’s surface materials are likely
to be the culprit and many immune regulatory cell types
and pulmonary resident cells could very well be the targets.
Notably, local and systemic oxidative stress has emerged as
the likely common link between pulmonary exposure and
immune regulatory effects, and as a converging point of
their mechanistic impact (9,10).

Many reviews have discussed the potential mechanisms
of each individual component associated with PMs; for
example, the functional impact of air pollutant gases, such
as ozone, NO, and CO, has been extensively studied and
several recent reviews (11,12) have provided a detailed
account of their important roles and, thus, will not be the
subject of this current review; rather, this review attempts
to illustrate a series of mechanistic events as the result of
exposure to PMs and their surface chemical and metal
components to establish the exposure-disease mechanistic
relationship. Specifically, the focus will be on the role of
oxidative stress response that may explain the relationship
between particulate air pollutants and allergic diseases; also,
the recent documented importance of the aryl hydrocarbon
receptor (AhR) with high binding affinity to environmental
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PAHs in immune regulation is discussed. While PMs
are also known to contain biological components,
including allergens and those from bacterial sources [e.g.,
lipopolysaccharide (LPS)], the impacts of those biological
materials have been extensively reviewed and will not be the
emphasis of this review.

PMs and their modulatory activities

PMs, a major component of air pollution, are generally
derived from various anthropogenic, industrial activities
and traffic-related sources primarily by coal and oil fuel
combustion, while the combustion-derived particles can
be originated from a number of sources, including diesel
soot, welding fume, carbon black, coal or oil fly ash. In fact,
human exposure to those particles has increased markedly
over the past century; in particular, diesel exhaust has been
estimated to account for up to 80% of human exposure. PMs
typically contain a mixture of particles with different origins,
size and composition, and are commonly grouped into
the following categories: PM,, is defined as PM less than
10 mm, while those between 0.1 and 2.5 mm (PM,;) are
‘fine’ in size and particles less than 0.1 mm are regarded as
being ‘ultrafine’ (UF). It is worth noting that PM,, is often
referred to those containing both fine and ultrafine particles
(UFPs), and PM, ; encompasses both fine and UFPs. World
Health Organization (WHO) has set the daily exposure
limits at 25 and 50 ug/m3, respectively, for PM,; and
PM,,, and an annual PM,; limit at less than 10 pg/m’ (13).
At present, there are no recommendations made for daily or
annual exposure limits for UFPs globally.

The potency of PMs in mediating the health impact
is dependent, in part, on their deposition in the airways
and the composition of their surface components (14). A
variety of PMs are primarily composed of carbon cores and
a host of organic chemicals and reactive metals on their
surface, the composition of which may vary, depending on
the source of the pollutant, the meteorological conditions,
industrial activity and traffic density. PM,, are usually
trapped in the upper airways, while PM,; particles,
particularly the UFP fraction, can penetrate deep into
the alveolar portions of the lung and those water-soluble
components has been demonstrated, in fact, to be able to
translocate directly through the alveolar capillaries into the
circulation. Because of this size-dependent deposition, PM, ;
and UFPs, particularly diesel exhaust particles (DEPs) and
residue oil fly ash (ROFA), have received much attention,
since they possess, inherently, larger surface area for a
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given mass, and hence carrying larger amounts of reactive
chemicals into the peripheral airways.

While the exact mechanisms of PM’s health effects
remain to be fully defined, recent advancement in the
study of various cellular and animal models has clearly
documented the role of PMs in regulating many aspects of
the respiratory functions, innate and adaptive immunity.
In this regard, ROFA with chemically complex mixture of
sulfates, carbon- and nitrogen-containing compounds and
metals (primarily vanadium), has the capacity to influence
immunity and induce injury in various experimental systems.
Notably, several early studies have provided evidence that
the composition of soluble metals and sulfate leached
from ROFA is critical in the development of airway hyper-
reactivity and lung injury (15). For example, in respiratory
epithelial cells, ROFA mediated its impact on activation of
signaling events and cytokine/chemokine production (16).
Interestingly, redox-active vanadium, a major ROFA surface
metal, was shown to be able to generate similar responses,
whereas catalytically active iron and nickel compounds
had no such effect. Conversely, treatment of the cells with
deferoxamine, a metal chelating agent, reversed ROFA’s
effects (17). In vivo, monkeys exposed to vanadium-
containing compounds demonstrated neutrophilic
inflammation in both the bronchi and the distal lung, which
was accompanied by significant obstruction in the airways,
supporting their importance in mediating ROFA’s effect (18).
In addition, ROFA has been shown to enhance allergen-
induced pulmonary allergic response in mouse models of
asthma, with significant elevations in allergen-mediated
eosinophilia and airway hyperresponsiveness (19-22). Again,
this effect could be reproduced by the administration of
ROFA’s metal leachate or its individual metallic constituents
and could be abrogated by the addition of metal chelating
agents (22,23). Interestingly, a very recent study (24)
described a new mechanism of vanadate’s effect through
augmenting the function of Toll-like receptor 4 (TLR4)
by suppressing TLR4 degradation. These results suggest,
therefore, that ROFA’s surface metals may be the key
determinants in the induction and/or amplification of
allergic responses.

Besides ROFA, DEPs are one of the most extensively
studied PMs, which generally are within the PM, 5 category
and account for most airborne PM exposure in major cities (25).
Studies have shown that DEPs can modify the immune
response and airway inflammatory processes in both animals
and humans (26,27). The adjuvant activity of DEP is
particularly noted in an elegant study of DEP effect on the
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development of IgE response to a “neo-antigen”, keyhole
limpet hemocyanin (KLH), to which humans are not
exposed (28). Diaz-Sanchez and her colleagues presented
evidence showing that intranasal exposure of human
subjects with KILH alone led to the generation of anti-KLLH
IgG and IgA, but not IgE, Abs. In contrast, when the study
subjects were exposed to DEPs prior to the KLH challenge,
the majority of the subjects developed anti-KLH—specific
IgE Abs, while the levels of specific IgG and IgA Abs were
similar to those with KLH sensitization alone. The elevated
IgE levels were found to be associated with increased IL-4,
but not IFN-y, levels in the nasal lavage fluid. These studies
demonstrate that DEPs can act as mucosal adjuvant in
enhancing the IgE response to allergens and amplifying the
allergic responses. Further, the finding of DEP’s adjuvant
activity was corroborated from the studies of allergen-
induced responses, where DEP challenge significantly
enhanced nasal ragweed-specific IgE and skewed cytokine
production to a Th2 pattern in humans (29). Further, DEP’s
enhancing effect has recently been broadened to include its
prenatal influence on allergic sensitization. Interestingly, the
risk was found to be particularly evident in subjects carrying
homozygous variant genotype of the gene encoding
glutathione-S-transferase M1 (GSTM1) (30). The fact
that aeroallergens can also be found to associate with PMs
highlights the importance of PM exposure in contributing
to the enhanced allergic response (31).

Moreover, it has recently been demonstrated that co-
exposure to DEP and HDM significantly enhanced airway
hyperresponsiveness as compared with HDM exposure
alone, concomitant with a mixed Th2 and Th17 response,
including IL-13/IL-17A double-producing T cells (32).
Neutralization of IL-17A prevented DEP-induced airway
hyperresponsiveness. Significantly, high DEP-exposed
children with allergic asthma, 32.2% of them had more
frequent asthma symptoms and higher serum IL-17A levels
as opposed to low DEP-exposed children, suggesting an
expansion of Thl17 cells in DEP-exposed subjects with
severe asthma. In addition, PM has recently been shown
to suppress regulatory T cells (Treg) through its ability
in causing hypermethylation of the gene encoding the
Treg-transcription factor, Foxp3, in the peripheral blood
of children with asthma (33). The reduction in Treg
population upon exposure to PMs could be important in
potentiating the allergic response, although further studies
are needed to confirm this finding. It is also of interest to
note that acute exposure of infant mice to a chemically
defined environmentally persistent free radicals (EPFR)
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with an organic pollutant 1,2-dichlorobenzene (DCB-230)
led to epithelial-to-mesenchymal transition (EMT) in the
lungs, as evidenced by lineage tracing studies and by the
expression of both epithelial E-cadherin and mesenchymal
a-smooth muscle actin (a-SMA) proteins (34).

In a direct intervention-type of the study, exposure of
healthy human subjects to DEP (300 pg/m’ for 1 hour)
in a chamber caused an increase in inflammatory cells
(neutrophils, B lymphocytes, mast cells, CD4" and CD8"
T lymphocytes) along with up-regulation of ICAM-1
and vascular cell adhesion molecule-1 in the lungs (35).
However, when atopic asthmatics were exposed to the same
amount of DEP, no significant changes in the levels of
neutrophils, eosinophils and IL-8 expression were noted,
due, perhaps in part, to the pre-existing inflammatory
response (36). Further, exposure to DEP (PM,,, 300 pg/m3)
enhanced the expression of EGFR and its phosphorylation
at the tyrosine residue (Tyr 1173), concomitant with
increased activation of the JNK, AP-1, p38 MAPK and NF-
kB pathways as well as cytokine production in the airway
mucosa of healthy subjects (37,38).

While these results are informative, the mechanisms
through which exposure to ROFA or DEP mediates the
Th2, Th17, IgE and epithelial responses remain unclear.
It is also, at present, unclear as to the exact components
responsible for the observed effects mediated by PMs or
DEP. In general, DEPs consist of polycyclic aromatic
hydrocarbons (PAHs) and transition metals, and as in
ROFA, DEP-bound transition metals may play a role in
generating oxidative stress and inflammatory responses.
Further, their hydrophobic nature allows them to diffuse
through cell membranes, and PAHs may interact with a
unique cellular chemical sensor, aryl hydrocarbon receptor
(AhR; see below), thereby activating the cellular response.
In fact, recent discoveries regarding AhR and environmental
toxicant interaction and its influence on immune responses
have highlighted the potential importance of AhR in linking
the environmental exposure and the development of asthma
and allergic diseases.

Involvement of AhR signaling pathways in
controlling cellular homeostasis

AhR is a ligand-activated transcription factor from the
Per-Arnt-Sim (PAS) superfamily and has been shown to
be involved in maintaining cellular homeostasis [for recent
review, see (39,40)]. Originally discovered as a receptor for
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), AhR has
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also been recognized as a receptor for many of the common
environmental contaminants, including polychlorinated
biphenyls (PCBs) and PAHs, such as benzo[a]pyrene (BaP).
Upon ligand interaction, AhR in the cytoplasm translocates
into the nucleus and binds to the specific regulatory DNA
sequences known as dioxin response elements (DREs)
located within the promoters of target genes. Those target
genes include those involving detoxification enzymes and
activities, e.g., CYPIAI and CYP1BI etc., as well as those
known to be critical in immune regulation, including
inflammatory (TNF-a and IL-6) and T-cell differentiation
genes (Foxp3, IL-17 and GATA3) (41). Also, beside the
direct effect on target gene transcription, AhR may also
influence the activation of key signaling events involving
NFkB, MAPK, STAT'1 and STAT'S that have been observed
in many experimental systems (42). In particular, recent
discoveries of AhR and its influence on the balance of
Tregs and Th17 cells (43,44), and its impact on y8" T (45),
intraepithelial lymphocytes (46), lymphoid follicles (47), as
well as dendritic cell function (48) highlight the potential
importance of the AhR-ligand axis in the expression of
allergic and inflammatory diseases. We have recently
discovered that in stimulated mast cells, a critical cell
type in the regulation of allergic responses and mucosal
immunity (41), exposure to environmental chemicals, such
as dioxin and BaP, resulted in enhanced mast cell signaling,
degranulation, mediator and cytokine release, as well as
the in vivo anaphylactic response (49). Interestingly, known
endogenous ligands, including the tryptophan photoproduct
6-formylindolo[3,2-b]carbazole (FICZ) and a key metabolite
of tryptophan, kynurenine, were able to mediate similar
effects (49,50). As a corollary, two recent studies (51,52)
supported the importance of the AhR ligands in regulating
the mast cell response. Therefore, it is logical to speculate
that the AhR pathway may serve as a critical bridge linking
environmental exposure and allergic diseases. In support of
this, experimental evidence has suggested that TCDD, the
classical AhR ligand, was able to enhance IgE production
and aggravate allergic diseases (53). Also, previous studies
have pointed to a possible effect of the exposure to PAHs
and allergic diseases (54).

Moreover, the phenotypic alterations found in AhR-null
mouse models have suggested the endogenous function of
AhR, independent of xenobiotic metabolism, in controlling
cellular homeostasis (47,49). This was especially noted in our
recent finding of significant mast cell deficiency in AhR-null
mice, due to defective calcium signaling and mitochondrial
function. Consequently, AhR-null mast cells responded
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poorly to stimulation, demonstrating a critical role of
AhR signaling in maintaining mast cell homeostasis (49).
These results suggest that exposure to environmental
pollutants may modify the homeostatic state through
their ability to influence the immune response directly or
indirectly through the disruption of the normal endogenous
function of AhR, and together may contribute to the
pathogenesis and symptoms of allergic diseases. In this
context, AhR is known to be a chemical sensor initiating
the detoxification process through its ability to induce both
phase I and II enzymes. Disruption of this critical function
by competitive exogenous ligands or by mechanisms
causing fluctuation in its expression level would, therefore,
have a direct impact on the normal functioning of the
detoxification process. It is, perhaps, the dysregulated
detoxification, or increased metabolites thereof, in
enhancing the cellular response and/or causing the
inflammatory responses following the environmental insult.
Further investigations into these interesting possibilities
may provide additional insights in our understanding of the
exposure-disease relationship.

Oxidative stress response and its functional
consequences

As discussed above, one of the most consistent PM-mediated
immunoregulatory and respiratory effects involves PM-driven
oxidative stress (13), a feature likely to be mediated by
those PMs referred to as “EPFRs”, in which PAHs are
chemisorbed to the surface of PM through transition metal
oxides. Indeed, the role of oxidative stress in allergic diseases
is gaining increasing scientific attention. Exposure to a
variety of pollutants has been shown to be able to generate
a collection of oxygen-derived free radicals and oxidants,
such as hydrogen peroxide and peroxynitrite. For example,
combustion-derived PMs are known to be highly oxidizing
and are capable of generating free radicals, through, in part,
their surface metals involved in redox cycling or the depletion
of anti-oxidant glutathione and protein-bound sulfhydryl
groups (55,56). It has been postulated that transition metals
found in ROFA, particularly vanadium, may generate
ROS in an Fenton-like chemical reaction, leading to the
subsequent activation of cellular signaling, transcription
and induction of inflammatory mediator release and airway
hyperresponsiveness [for detailed review see (10) and the
references therein].

Oxidative stress occurs not only as a result of environmental
exposure to air pollution but also from inflammation, thus
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perpetuating the oxidative stress response (57,58). Various
components of air pollution, including gases and PMs, are
known to be able to induce oxidative stress either by direct
induction of reactive oxygen species (ROS) or through
the secondary induction of local inflammatory processes
which lead to the secondary production of ROS (59).
Other components of air pollution that may contribute
to oxidant generation include transition metals, such as
chromium, iron, manganese, vanadium and copper. While
the detailed mechanisms remain to be elucidated, oxidative
stress has been shown to mediate multiple effects and is
associated with activation of inflammatory cells and release
of pro-inflammatory cytokines and mediators (60,61).
One of the possible earlier events may be as the consequence
of the cellular detoxification itself in the endoplasmic
reticulum (ER), particularly with regard to the detoxification
process of PAH exposure. ER is critical for protein folding
and secretion, calcium homeostasis, lipid biosynthesis and
detoxification of xenobiotic substances. Any disturbance
in the redox balance within the ER may lead to the
accumulation of unfolded proteins in the ER lumen, a
condition referred to as “ER stress”. In response to ER stress,
an adaptive signaling pathway, known as the unfolded protein
response (UPR), is activated, which intersects with many
different inflammatory and stress signaling pathways (62,63).

ER stress has been implicated in many inflammatory
diseases (64,65), although the roles of ER stress in the
pathogenesis of allergic inflammation remain to be
elucidated. A recent study (66) of PM, ; exposure and ER
stress response may shed some new lights on this possibility.
The study by Laing et 4l. provided evidence that exposure
of epithelial cells to PM,; differentially activated the
UPR branches, leading to ER stress-induced apoptosis.
Also, we have found that exposure of mast cells to AhR
ligands resulted in increased expression of several ER stress
response-associated markers (unpublished observation).
Moreover, AhR ligands have been shown to increase ROS
production, perhaps as the consequence of the increased
expression of AhR’s target genes, CYP1AI (49,67) and
a member of the membrane NADPH oxidase complex,
p40phox (68). Therefore, chronic exposure to PM,; or its
derivatives may interfere with the normal functioning of the
ER and stimulate the ER stress response via, in part, AhR,
leading to dysregulated allergic response.

Mechanistically, increased oxidative stress is known
to mediate the activation of various signal transduction
pathways and transcription factors, including MAPK
kinases, phosphoinositol-3 kinase, NF-kB and AP-1 (69),
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all of which are known to be crucially involved in cellular
activation and inflammation (70). Further, the increase in
the levels of ROS can also cause oxidative modifications
of lipids and proteins, thereby altering their functions.
For example, the loss of superoxide dismutase (SOD; an
important anti-oxidant defense enzyme) activity by oxidative
modification has been shown in asthmatic airway epithelial
cells (71), and has been evaluated as a surrogate marker of
oxidant stress (57). Further, our recent study has shown that
an important non-receptor tyrosine phosphatase, SHP-2,
is a target of oxidation via an AhR- and ROS-dependent
mechanism, leading to reduced activity of its phosphatase
activity, and hence upregulating cellular activation in mast
cells (49). Similarly, several studies have demonstrated
that many key enzymes involved in cellular metabolism,
including glycolysis, are targets of tyrosine nitration or
S-nitrosylation (72), thereby reducing the activity or
function of the parent proteins.

Moreover, increased oxidative stress response may lead
to enhanced peroxidation of polyunsaturated fatty acids
(PUFAs) and their metabolites. More than 20 lipoperoxidation
end-products have been identified (73), including
malondialdehyde (MDA), 4-hydroxyalkenals and
isoprostanes (74). Importantly, MDA and 4-HNE are known
to react with a variety of proteins, lipids and nucleic acids,
and they are thought to have pro-inflammatory effect and
contribute to the pathogenesis of human chronic diseases
(75-77). An additional consequence of upregulated oxidative
stress response involves the generation and liberation of
lipid mediators, including prostaglandins, leukotrienes
and lipoxins, in a tightly regulated, coordinated, cell- and
context-specific manner (78). Lipid mediators are known
to be important as initiators of pro- and anti-inflammatory
responses (79,80). Recently, we found that AhR ligands
could significantly up-regulate LT'C, and LTB, production
in mast cells, and that AhR signaling-induced ROS and AhR
ligand’s enhancing effect could be inhibited, at least in part,
by inhibitors for 5-lipoxygenase (5-LO) and COX1, but not
COX2, suggesting the possible functional role of eicosanoid
metabolites in amplifying the effects of AhR ligands, for
example, PAHs.

Conclusions and future challenges

Current epidemiological evidence from the study of various
populations supports a link between air pollution and
the development and exacerbation of asthma and allergic
diseases. Also, recent advancement in the knowledge
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about the effect of PM exposure clearly indicates its
diverse impact on many different cell types at different
levels of immune regulation. One intriguing and plausible
hypothesis is that the expression and the increased prevalence
of allergic diseases could be attributable directly to those
environmental pollutants through their ability to increase
the oxidant burden and inflammatory response or their
immune “adjuvant” activities, and together contribute to
the pathogenesis of asthma and allergic diseases. Thus,
how tissue resident cells and immune regulatory cell types
maintain the homeodynamic redox balance in response to
environmental insult may represent an important mechanism
in the genesis of, and/or the progression in, asthma and
allergic diseases. Based on accumulated knowledge, Figure 1
illustrates, schematically, a likely sequential event initiated
following the exposure to environmental pollutants, leading
to the expression of asthma.

While current assessment of air pollution’s effect has
been, understandably, limited to the evaluation of individual
component, the highly dynamic “multi-pollutants effects”
(81,82), which are expected to have additive or synergistic
effects, will need to be examined in order to fully appreciate
the extent to which the air pollution exerts its impact. Future
effort will also be needed to use cutting-edge technology
and analytical tools to dissect the complexity of air
pollution and its interaction with other environmental risk
factors, such as life style and eating habits, integrating the
concept of “exposome” as originally proposed by Wild (83)
to encompass life-course environmental exposures
(including lifestyle factors) for better and more complete
environmental exposure data for etiologic research (84).
Mechanistically, additional studies will be needed to
define the mechanisms by which air pollution (particularly
PMs)-mediated oxidative stress impacts the expression of
allergic diseases. Future efforts will also require “-omics”
approaches, including metabolomics, to identify the disease
relevant protein and lipid adducts and/or metabolites, as
well as their functional consequences. Also, it has long
been appreciated that PMs may trigger the alterations in
autonomic nervous system leading to aberrant pulmonary
function. Therefore, future effort in elucidating the
responsible particle constituents and their underlying
mechanisms will be needed.

The issue of genetic susceptibility to air pollution
specifically and to the environment as a whole is another
major challenge facing this field of investigation. So far,
there has been no “genetic variant(s)” that can unequivocally
define asthma and allergic diseases, and there have been no
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Figure 1 A mechanistic model of the exposure-disease relationship illustrating a sequential event originating from the exposure to the
development of asthma. This model encompasses the major events known to be involved in asthma, including activation of pulmonary
resident cells, including epithelium, fibroblasts and airway smooth muscle cells, as well as of those immune regulatory cell types, including
dendritic cells (DCs), Th2, Th17, mast cells, granulocytes (eosinophils and neutrophils) and innate-type lymphoid cells (LCs). They all
could potentially be the target cell types and, collectively, contribute to the generation of oxidative stress and inflammatory responses. In
this model, [1] the impact of air pollutants, including VOCs, metals and PAHs, either working alone or serving as immune adjuvant in
conjunction with relevant allergens, is expected to be variable with pollutant-specific responses, but it appears to invariably converge on the
induction of oxidative stress response either through their intrinsic oxidant-generating capacity, their ability to inhibit anti-oxidant activity
or the combination thereof. [2] In this regard, the aryl-hydrocarbon receptor (AhR)-ligand (primarily PAHs) axis may provide a receptor-
mediated mechanistic link between the exposure and the redox imbalance, as a part of a series of detoxification or bio-transformation of air
pollutants, such as PAHs. [3] As the consequence of elevated ROS and RNS, concomitant with ER stress and mitochondrial dysfunction,
changes in signaling events and a shift in cellular metabolism occur, resulting in the generation of metabolites, for example eicosanoids, and
lipid peroxidation as well as modification of proteins by oxidation and/or nitration, some of which are able to induce, or amplify the existing,
inflammatory response, either alone or play a role in conditioning the cells to become more sensitive to subsequent stimulation by pollutants
and/or allergens. But, [4] any disturbance in the redox balance and/or homeodynamic state will result in the generation of pro-inflammatory
mediators, including those involved in oxidative, metabolic and inflammatory responses, generated in each step of this sequential process,
and [5] collectively, contribute to the development and exacerbation of the disease in genetically susceptible individuals and/or those with

epigenetic modifications as the result of exposure to air pollutants.

genetic markers that are generally applicable in different
ethnic backgrounds (85). Genetic heterogeneity and ethnical
difference may all contribute to the failure to discover the
bona fide “asthma gene(s)”. More importantly, the issue
of gene-environment interaction has not been properly
addressed and has only been included in a relatively few
genetic studies. Therefore, a critical challenge in the future
is to investigate whether and how variations in the human
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genome (polymorphisms) are able to modify the effect of
exposures to environmental pollutants and chemicals or vice
versa. It has been noted that the endogenous activity of the
antioxidant mechanisms varies greatly between individuals,
and that the ability to manage oxidative stress is altered
in the lungs of asthmatics (86), leading to excessive ROS
and its subsequent effects. In the future, the pursuit of
this important area of research would ideally incorporate
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the environmental-wide association studies (EWAS, or
exposome-wide association studies), which has been fruitful
in different disease context (87,88). It is relevant to note that
in evaluating the features of the susceptible population to
PM-related health effects, Sacks et 4l. (89) recently reported
a group of characteristics, including life stage (i.e., children
and older adults), preexisting cardiovascular or respiratory
diseases, genetic polymorphisms and low-socioeconomic
status, contributing to the increased risk of PM-related
health effects.

In parallel, additional analyses utilizing powerful
tools will be required for discovering and developing the
next-generation of biomarkers to monitor the response
to exposure, to capture the earlier pathologic events of
inflammation and oxidative response as the consequence of
exposure to environmental pollutants and chemicals, and to
predict future clinically relevant events. For example, the
fraction of exhaled NO (FeNO) (90,91), which has been
used to distinguish asthma from non-asthma; but, it is a
relatively non-specific marker of response and has, thus
far, no value in defining a more specific disease phenotype
and its severity. Also, the generation of lipid peroxidation
products, including isoprostanoids and 4-HNE, as the result
of the oxidative stress response has been evaluated (92,93).
However, a major limitation with most of these parameters
is their poor specificity and reproducibility when evaluating
the disease progression and severity.

Recently, the developmental origin of human diseases
has been an active field of investigation, wherein emerging
evidence has suggested that gene-environmental interactions
during pregnancy enhance the disease susceptibility
through, in part, epigenetic mechanisms. This has been
best studied in the context of cardiovascular and metabolic
diseases, and the epidemic rise in chronic diseases, including
allergic diseases, also highlights the likelihood of their
maternal origin. These collective efforts will be critical in
identifying important environmental risks, the time window
of exposure and in defining the molecular mechanisms
underlying the exposure-disease relationship. This should
lead to better understanding of the role of environmental
risk factors, including air pollution, in asthma and allergic
diseases and ultimately to the development of better
prevention strategies. Further, the outcomes of this
collective effort are expected to provide crucial information
for developing evidence-based interventional approaches
and regulatory guidelines. Importantly, the success of this
type of integrated approaches will help in improving public
health awareness and ultimately the health of the general

© Journal of Thoracic Disease. All rights reserved.

population, with a concomitant significant reduction in
economic burden.

Foornote: *Initial assessment of the asthma burden in 2012 by
Dr. Li-Kuan Chen, National Health Research Institutes, as a
part of the “Consortium for Taiwan Asthma Study (CTAS)”.
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