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ARTICLE INFO ABSTRACT

Ambient air pollution is a leading environmental cause of morbidity and mortality globally with most of the
outcomes of cardiovascular origin. While numerous mechanisms are proposed to explain the link between air
pollutants and cardiovascular events, the evidence supports a role for oxidative stress as a critical intermediary
pathway in the transduction of systemic responses in the cardiovascular system. Indeed, alterations in vascular
function are a critical step in the development of cardiometabolic disorders such as hypertension, diabetes, and
atherosclerosis. This review will provide an overview of the impact of particulate and gaseous pollutants on
oxidative stress from human and animal studies published in the last five years. We discuss current gaps in
knowledge and evidence to date implicating the role of oxidative stress with an emphasis on inhalational ex-
posures. We conclude with the identification of gaps, and an exhortation for further studies to elucidate the
impact of oxidative stress in air pollution mediated effects.
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1. Introduction

Air pollution is the leading environmental risk factor in the world
today. Particulate matter < 2.5 ym (PM, s) is the most commonly im-
plicated constituent that causes a disproportionate number of global
deaths and contributes significantly to global disability. The global
burden of disease study report indicated that ambient outdoor air
pollution, particularly PM, s, was the fifth leading risk factor for global
mortality in 2015, with cardiovascular deaths accounting for highest
number of these deaths [1,2]. Recent work suggests that the impact of
ambient air pollution may be even higher using integrated exposure
response function curves [3]. Alterations in oxidative stress were the
earliest pathophysiologic mechanism described in response to air pol-
lution exposure in humans and animal models, and indeed alterations
in pulmonary oxidative stress and vascular function are thought to be
critical initiating events [4]. In this review, we will focus on the studies
supporting the impact of air pollution and its particulate and gaseous
constituents on oxidative stress. We will address to what extent al-
terations in oxidative stress are responsible for mediating systemic re-
sponses and diseases such as atherosclerosis and cardiac hypertrophy in
response to air pollutants. We will discuss the impact of prevention
measures to reduce oxidative stress in response to air pollution ex-
posures and provide a perspective on remaining gaps in the field.
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2. Air pollution sources, composition, regulatory thresholds and
cardiovascular events

Ambient air pollution is heterogeneous complex mixture of both
particulate matter (PM) and gaseous components, that vary con-
siderably by season, source, and atmospheric conditions [5,6]. PM
originates from a variety of sources including anthropogenic origins
such as power, automobile exhaust, combustion, mining, industrial
sources, fine dust from earth, road and tire abrasion, construction work
and agricultural sources. Numerous factors determine the toxicity of
particles including site of deposition (upper or lower airways, which is
turn depending on particle size and reactivity), solubility, bio-persis-
tence and leachable components [7-10]. Due to these heterogeneous
compositional attributes, particle classification on physicochemical
parameters is a challenge and therefore the most common method to
classify PM particles is based on size; coarse PM < 10 um (PM;), fine
PM < 2.5 pum (PM,5), and ultrafine PM < 0.01 um (PM, ;) (Fig. 1.).
Ultrafine PM usually contains transition metal ions, organic compounds
mostly polycyclic aromatic hydrocarbons (PAHs) and are well known to
penetrate the systemic circulation [7,8,11]. The typical range of am-
bient concentrations for several air pollutants, according to the latest
U.S. National Ambient Air Quality Standards (NAAQS) and the Eur-
opean Commission regulatory criteria, have been previously discussed
[12-14]. Satellite based techniques use the optical properties of aerosol
column (Aerosol optical depth, AOD) to produce indirect estimates of
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Fig. 1. Particulate Matter Air Pollution: source and health effects. Air pollution standards were obtained from WHO 2005 air quality guidelines (http://apps.who.int/

iris/bitstream/10665/69477/1/WHO_SDE_PHE_OEH_06.02_eng.pdf). PM, s, particulate matter < 2.5 um; PM;,, particulate matter < 10 pm.

ground-level pollutant concentrations and were the basis of global
burden of disease estimates for air pollution. Satellite and ground-level
measurements for particle levels highly correlate and are available for
every location on earth at a ~1 X 1 km resolution [15]. Among the
gaseous pollutants tropospheric, or ground level, ozone (O3) has the
most evidence linking it to health effects [2,5,16,17]. Os is a secondary
pollutant resulting from chemical reactions between oxides of nitrogen
(NOx) and volatile organic compounds (VOC) in the presence of sun-
light. The current U.S. NAAQS, standard for Os is 70 ppb averaged over
8h. However, multiple epidemiological studies show an increased risk
of asthma exacerbations and cardiopulmonary mortality at levels below
70 ppb [2,18]. It is important to mention here that although “criteria”
pollutants are regulated individually through limits on emissions and/
or ambient air quality standards set by the government, the overall
effects of air pollution are driven by the mixture. These pollutants may,
in turn, interact with other aspects of the physical environment, so-
cioeconomic and biologic factors (exposome) to ultimately determine

health effects (pollutome).

3. Sources of ROS generation and methodological considerations

Given the fact that air pollution is inhaled, the initial locus of redox
stress is typically the airways and lungs. Indeed, there is an extensive
literature on generation of reactive oxygen and nitrogen species in
airway epithelial cells and macrophages of the lung and have been
reviewed extensively elsewhere [19-23]. The mechanism by which
pulmonary oxidative stress triggers inflammation, along with the in-
volvement of immune and non-immune cells is complex and varies
depending on site, model, duration and composition [24]. In humans
this is complex, with the ultimate response being affected by particle
fate (e.g. lung clearance versus retention), intracellular distribution,
sequestration, and ultimately on multiple host factors including sus-
ceptibility [24]. The evidence to date suggests that reactive oxygen
species (ROS) generation in response to PM, s could either involve
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Table 1 (continued)

Ref.

Major outcome

Air pollutant

Animals and model

Study

[145]

The study demonstrated that inflammation and oxidative stress were

Rats were inhaled 0.8 ppm ozone or air for 4 h and then placed in air

Wistar rats exposed to PM2.5, Ozone or both together

Wang G et al.,

involved in toxicology mechanisms of PM, s in rat lung and ozone

for 3 h following intratracheal instillation with 0-3.2 mg/rat PM, s in
sterile saline (0.25 ml/rat), repeated twice per week for 3 weeks

2015

potentiated these effects induced by PM2.5. PM, 5 exposed group

showed increased total cells in BALF than control and a dose-dependent
increase in TNF-a, interleukin-6, lactate dehydrogenase, and total

protein of BALF. Exposure to ozone alone resulted in increased TNF-a.
On the other hand, ozone enhanced PM, s-induced inflammatory

changes and pathological characters in rat lungs. SOD and GSH-Px

activities in lung were reduced in PM, s-exposed rats with and without

prior ozone exposure compared to control.
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disruption of cellular redox signaling and/or upregulation of en-
dogenous ROS production resulting in exaggerated responses. En-
dogenous ROS, as described in some excellent reviews [25], may be
generated from diverse sources including mitochondrial respiratory
chain, NADPH oxidases (NOXs), nitric oxide synthases (NOS), cy-
clooxygenases, lipoxygenases, xanthine oxidase, and cytochrome P450s
[19, 26, 27]. Chemical transformation of thiols and fatty acids (NO,
and 'NO); lipid peroxidation, ketone and endoperoxide fatty acid pro-
ducts, reactive aldehyde formation; oxidation of thiols to disulfides or
sulfoxides and DNA base oxidation can also occur. The lung endogenous
defenses include the airway epithelial cells, protective surfactant ma-
terial comprising of a complex mixture of proteins and phospholipids
and anti-oxidants that are constantly replenished and alveolar macro-
phages. An imbalance in the levels of antioxidants, either from deple-
tion or from exhaustion, such as glutathione, ascorbate, and tocopherol
with subsequent depletion of reduced cofactors such as NADPH may
result in potentiation of oxidative stress. The alveolar macrophages
continually phagocytize particulate matter and over long periods at
high levels of exposure may be unable to proliferate and replenish,
evidence for which is emerging (discussed later in this review).

Investigators have used primarily three different approaches to
understand the health effect of PM exposure, a). in vitro/ex vivo using
simple cell culture exposed to PM particles, b). intra-tracheal or in-
tranasal mode of exposure which are not physiologic but provide in-
sights on pulmonary and systemic effects ¢). inhalational exposure to
concentrated ambient particles. Data obtained from in vitro/ex vivo
studies using cell lines or primary cells although useful in defining the
specific cellular pathways modulated by PM exposure, provide limited
insights into transduction of PM induced systemic responses. Many of
these cells may never encounter particulates especially at the con-
centrations commonly used [9,28,29]. Intra-tracheally/intranasally
administered PM often results in uneven intrapulmonary distribution of
the particles and may not mimic inhalational exposure. PM exposure
using particle concentrator systems is a preferred approach as it allows
physiologic route of exposure over prolonged time to mimic real-world
conditions. Both a limitation and strength is that only certain particle
size ranges are typically concentrated, contrary to ambient air which
contains a mixture of particle sizes and gases. Inhalational exposure
typically is performed in rodent models and although likely to provide
valuable information about mechanisms, can sometimes make extra-
polation to human pathology difficult, since rodent models differ in
their breathing patterns, nasal anatomy and filtering mechanisms.
Human exposure studies are typically performed only for over a few
hours and do not provide a perspective on chronic exposure. Panel
studies in humans and analysis of surrogate end-points also provide
windows into potential pathways, but are associative.

4. Pathophysiologic insights into mechanisms of air pollution
oxidant stress

4.1. Oxidative stress as an underlying basis of vascular toxicity

The vascular endothelium is a critical barrier that modulates a
myriad of exposures and prevents inflammation, thrombosis and vas-
cular injury through a variety of pathways. A principal pathway in-
volves the generation of nitric oxide (NO) [30]. Alteration in vascular
function to a large extent has its genesis in the dysregulated generation
of excess ROS and the reaction of superoxide with NO' to form the
highly reactive intermediate peroxynitrite (ONOO). The rate of this
reaction is 10-fold compared to dismutation of superoxide by super-
oxide dismutase (rate constant 5-10 x 10°/M/s) [31]. ONOO may act
as a vasoconstrictor and also more like a cytotoxic molecule that cause
oxidative damage. It can also cause uncoupling of endothelial nitric
oxide synthase and tyrosine nitration of prostacyclin synthase, de-
creasing endothelial function. The S-nitrosylation of target proteins
following NO- release, results in a stable post-translationally modified
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product that directly regulates function of proteins [32]. Defective ni-
trosylation has been linked to endothelial barrier dysfunction, ab-
normal release of NO' and may represent an important link between risk
factors and cardiovascular disease [32].

4.2. Systemic vascular oxidative stress with air pollution exposure

Table 1 summarizes some of the key in vivo studies from 2017
onwards (a prior review has discussed prior papers in great detail [33]),
describing the health effects of PM, 5 utilizing whole body exposure
system and intratracheal/intranasal instillation of concentrated am-
bient PM, 5 particles. Key findings from these studies establish that air
pollution exposure manifests in rapid systemic effects often within
hours. Recent findings from human studies suggest that inhaled nano-
particles and their constituents could rapidly cross the alveolar mem-
brane in lung and appear systemically [34]. In rodents, both sub-acute
and chronic exposure to air pollution alone and/or in conjunction with
other agents has contributed to increased superoxide (O, ™) produc-
tion, potentiation of vasoconstrictor responses and inflammation. Oy~
production in response to chronic PM, s exposure was neutralized by
NAD(P)H oxidase inhibitor apocynin and NOS inhibitor N-omega-nitro-
L-arginine methyl ester (:-NAME), suggesting that coupling of O, ™ -
with nitric oxide to reduce the latter's bio-availability to NADPH oxi-
dases, may be an important mechanism responsible for inducing ad-
verse vascular effects [35,36]. Concentrated PM, 5 exposure resulted in
increased microvascular adhesion of inflammatory monocytes in the
adipose microcirculation together with perivascular deposition of
mononuclear cells, with deficiency of Nox2 and Tlr4 improving vas-
cular responsiveness [37,38]. There is limited evidence comparing the
effect of ultrafine PM vs PM, s in inducing systemic oxidant stress.
However, one study demonstrated that exposure of ApoE”~ mice to
ultrafine particles leads to greater atherosclerosis compared to PM, 5
[39]. Exposure to ultrafine particles have higher systemic penetration,
and may also result in inhibition of anti-inflammatory potential of high-
density lipoprotein (HDL) and greater systemic oxidative stress as evi-
denced by up-regulation of Nrf2-regulated antioxidant genes, lipid
peroxidation products in the plasma and liver, and increased hepatic
malondialdehyde [39,40]. Recent data with whole body exposures add
to the overall literatures suggesting systemic effects including altera-
tions in oxidant stress, metabolism, inflammation and central nervous
system effects (Table 1). These results seem to generally confirm the
relationship between oxidant stress inflammation and systemic organ
dysfunction.

Diesel exhaust (DE) exposures have been shown to induce oxidant
stress and systemic inflammation. These have been previously reviewed
and therefore only recent studies highlighted (Table 1). For example,
Zheng et al., 2019, found that intratracheally instilled, single exposure
of diesel exhaust particles induced transient oxidative stress in the lungs
of mice. ROS peaked at 6 h, with time dependent regulation of Nrf2 and
antioxidant enzymes and phase II enzymes in the DEP exposed mice
[41]. In a very recent report, Kim et. al. 2020, reported that DE ex-
posure results in gene expression (nasal cavity) that in turn provokes an
imbalance of the immune system via dysregulated inflammatory mar-
kers (S100A9, S100A8, CAMP, and IL20)** (Table 1).

Ozone is another important constituent of ambient air pollution.
Most ozone exposure studies published to date are acute exposures and
demonstrate rapid (hours) endothelial dysfunction and abnormal va-
soconstriction. Mechanistically, a rapid depletion of NO with con-
comitant decrease in aortic eNOS levels that can be, reversed with Oy’ ™
scavengers (Table 1) are some key events contributing to the above
stated pathology. Some studies suggest the presence of serum factors to
be responsible for inducing endothelial dysfunction and neuronal in-
flammation. Others have suggested an endothelial locus of generation
of putative factors that circulate to perpetrate systemic vascular and
neuronal injury, these findings need to be confirmed [43]. In a primate
study, acute exposure to ozone (0.5 ppm) resulted in increased aortic
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mitochondrial damage [44]. Evidence from one short-term 2-day study
supported findings that no additive effects were noted in ozone and
diesel exhaust. The downside of all these studies is that the con-
centrations of O3 used in rodent studies (0.5-1 ppm) are far from the
concentration of doses used in human studies or for that matter the
regulatory standards (current U.S. National Ambient Air Quality Stan-
dard is 0.075 ppm averaged for an 8 h period while the European
Commission has set a standard at 0.057 ppm). (Table 1).

There have been direct comparative studies examining the differ-
ential impact of gases on vascular function but have tested limited end-
points. In one study brief 6 h exposures to the plasma of various
emissions demonstrated that plasma from road dust and wood smoke
exposure were most potent in inducing in-vitro inflammatory gene
expression and impairment of vasorelaxation to acetylcholine [45]
(Table 1).

4.3. Cardiac oxidant stress in response to air pollution exposure

Very early observations by Gurgeiera and Gonalez-Fletcha have
shown that short term inhalation (5-h) of concentrated ambient PM, 5
but not inert carbon results in oxidative stress, determined by in situ
chemiluminescence in the and heart, but not liver. Increase in chemi-
luminescence in the heart showed strong association with Fe, alu-
minum, silicon, and titanium levels in the particles [46]. Five-hour
exposure to CAPs induced oxidant stress that was associated with slight
but significant increases in heart water content and to tissue-specific
increases in the activities of the antioxidant enzymes catalase and su-
peroxide dismutase. This observation suggested that episodes of in-
creased particulate air pollution not only have potential for oxidant
injurious effects but may also trigger adaptive responses such as cardiac
hypertrophy. This has indeed been seen in chronic exposure studies
where a strong association of PM, 5 to cardiac hypertrophy has been
noted [47,48]. Further cessation of exposures has the potential of re-
versing these changes. Chronic exposure to PM for 15 weeks resulted in
increased -blood pressure, -heart weight, -cardiac expression of hyper-
trophic markers (ACTA1 and MYH7) and decreased cardiac stroke vo-
lume in spontaneously hypertensive rats and withdrawal from PM ex-
posure restored these parameters to normal [47]. Qin et. al.,
intratracheally exposed mice to PM, 5 and observed reversible cardiac
dysfunction and fibrosis in mice of different age groups [49]. In this
study, PM-exposed 4-weeks and 10-months old mice developed cardiac
fibrosis while 10-months old mice demonstrated cardiac diastolic dys-
function, elevated heart rate/blood pressure, and cardiac systolic dys-
function. PM, 5 exposure also resulted in increased expression of car-
diac fibrosis markers (Collal, Col3al), NOX-4, and TGFP1l, and
generated more ROS in the myocardium of both the 4-week-old and 10-
month-old mice. The withdrawal of PM, 5 exposure restored the cardiac
function, blood pressure, heart rate, collagens expression, and mal-
onaldehyde (MDA) levels in hearts of mice of both age groups [49].
Evidence from recent studies strongly support the argument that ex-
posure that PM, 5 led to systolic disfunction, cardiac hypertrophy and
fibrosis in mice [48,50-52]. Fibrosis is the aftermath of chronic in-
flammation and it has been shown that macrophages play a key role in
development of fibrosis [53,54]. In a recent mechanistic study, Su et.
al., exposed C57BL/6 mice to PM, 5 or filtered air for 8 or 16 weeks and
pointed out that cardiac hypertrophy developed in PM, 5 exposed mice
is regulated by PI3K/Akt/FoxOl pathway and the role of cardiac
macrophages in fibrosis development [48]. FoxO (a transcription factor
regulated by Akt) regulates several cellular functions, including sur-
vival, metabolism, proliferation, and differentiation that play key roles
in regulating cardiac hypertrophy [48]. Du et. al., 2019, found that
PM, s-induced cardiac injury is mediated by macrophages polarization
and NLRP3 inflammasome activation using ApoE”" mice exposed to
PMS, 5 for 16-weeks [55]. In this study authors found increased CD11C™*
and decreased CD206* macrophages in bone marrow, elevated levels
of circulating inflammatory cytokine TNF-o and decrease of anti-
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Fig. 2. Schematic illustration of key changes in the
lung inflammation in chronic PM,s exposure.
Chronic exposure to PM, s results in release of in-
flammatory cytokines and chemokines in the blood
circulation that leads to infiltration of Ly6c™ mono-
cytes in the lungs from bone marrow. Continual ex-
posure to PM, s cause persistent inflammatory en-
vironment in the lungs that resulted in increased
apoptosis of tissue resident alveolar macrophage and
differentiated of recruited BM-monocytes into BM-
alveolar macrophages.

inflammatory cytokine IL-10 in PM, s compared to FA exposed mice.
Activation of NLRP3 inflammasome was also observed in the myo-
cardium of PM, s exposed mice as evidenced by elevated protein ex-
pression of NLRP3, ASC, caspase-1, IL-1p and IL-18 in the myocardium
[55]. AMPKa2~/~ mice chronically exposed for 6 months, showed
higher expression of pro-fibrotic genes, increased collagen deposition,
lower levels of peroxiredoxin 5 (Prdx5), and increased oxidative stress
and inflammation in the hearts and lungs PM, 5 exposed mice [56]. All
these results suggest that oxidative stress, inflammation and tissue da-
mage are direct sequelae of exposures and could represent targets for
intervention.

4.4. Mechanisms by which pulmonary oxidative stress is systemically
transduced

The underlying mechanisms by which pulmonary oxidative stress
leads to systemic inflammation in response to air pollution is still not
fully understood, but almost certainly involves the lung. There are
several studies demonstrating an effect of PM, 5 in inducing a systemic
inflammatory response through the release of inflammatory cytokines
and chemokines into the circulation from lung immune cells [37,57].
Early studies from Terashima et. al. demonstrated that human alveolar
macrophages incubated with latex particles of different sizes (0.1, 1,
and 10 um) or inert carbon particles produced inflammatory cytokines
and chemokines (M-CSF and MIP) in response to phagocytosis and the
response was similar (regardless of size) to when they were exposed to
particle suspensions of residual oil fly ash (ROFA), ambient urban
particles (EHC 93), suggesting that the act of phagocytosis, irrespective
of other considerations was responsible for inflammatory cytokine
production [58]. Furthermore, the types of cytokines were comparable
to that seen with exposure to high levels of PM10 particles based on
plasma samples collected in subjects in Singapore during and following
a South Asian haze (mean PM;j, levels of (125.4 = 44.9 versus
40 + 14.3 mg/m3, haze versus post haze) [58]. In a subsequent
publication, the role of alveolar macrophage in this response was fur-
ther investigated by incubating isolated human alveolar macrophages
in tissue culture medium either with or without the presence of

colloidal carbon and measuring the effect of the supernatants on the
release of polymorphonuclear cells from the bone marrow [59]. The
supernatant of alveolar macrophages incubated with colloidal carbon
shortened the transit time of release of cells through the bone marrow,
when compared with the supernatant from the unstimulated alveolar
macrophages or with cell culture medium alone. These experiments
provided the first evidence that air pollution through pulmonary al-
veolar macrophage dependent chemokine release stimulated the release
of inflammatory cells into the systemic circulation. Subsequently we
and others demonstrated that pattern recognition receptors such as
TLR4 were involved in the release of Ly6C™ monocytes from the bone
marrow likely via CCR2/CCR5 dependent mechanisms [37]. In a recent
report we investigated the differential contribution of tissue resident
alveolar macrophages and bone marrow-derived infiltrating monocytes
to persistent lung inflammation in mice exposed to PM, s for 4 or 32
weeks (Gangwar RS. et al., 2020, Scientific Reports, under review). We
used special chimeric (CD45.2/CD45.1) mice in which chest was
shielded before irradiation (to protect the resident lung macrophage
and monocyte population) followed by bone marrow transplantation
from CD45.1 mouse. We found that short term PM,s exposure (4-
weeks) induces an influx of bone marrow-derived monocytes to lungs,
with no contribution to the tissue resident alveolar macrophage popu-
lation, while chronic (32-weeks) PM, 5 exposure resulted in recruitment
of bone marrow-derived alveolar macrophages in inflamed lung, cou-
pled with increased apoptosis and decreased proliferation of the tissue
resident alveolar macrophage. Transcriptomic analysis of isolated tissue
resident and bone marrow alveolar macrophages from 4 and 32-weeks
exposed mice, revealed a time-dependent pattern of differentially ex-
pressed genes with PM,s exposure with a pro-inflammatory bias
(Gangwar RS. et al., 2020, Scientific Reports, In press), (Fig. 2). We
examined the effects of chronically inhaled PM, 5 on pulmonary and
systemic inflammation and role of CCR2 and CXCR3 in two separate
experiments [60,61]. These findings, suggest a robust innate and
adaptive immune activation in response to the air pollution that is
dependent on chemokine mechanisms.

Phospholipids and surfactant proteins present in the bronchio-
loalveolar fluid are an important line of defense that are continually
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replenished to provide a potent barrier against air pollution. Chronic
ongoing exposure to air pollution may obviate the necessity of surfac-
tant defenses in order to prevent increase in oxidatively modified de-
rivatives such as 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphor-
ylcholine (PAPC) and 7-ketocholesterol from contributing to
endothelial barrier dysfunction, inflammatory cell recruitment, al-
lowing facile transgression of air pollutants, chemokines and other
secondary mediator signals to the bone marrow and systemic circula-
tion [37].These mediators may also enhance oxidative stress in the
vasculature resulting in TLR4 activation in monocytes and macrophages
[62,63]. Consequently, depletion of TLR4, NOX2 or p47phox have all
been shown to attenuate ROS generation, reduce inflammatory mono-
cyte infiltration into vasculature and improve vascular function in re-
sponse to inhalational exposure to concentrated PM, 5 [37,64]. PM, 5
exposure-induced formation of 7-ketocholesterol, its bio-distribution in
LDL and subsequent uptake by scavenger receptor CD36, and entrap-
ment within plaque macrophages may represent a paradigm for air
pollution mediated endothelial dysfunction and potentiation for
atherosclerosis [65,66]. Two studies provide evidence that pulmonary
surfactant antioxidant barrier may be critical in modulation of systemic
responses [67,68]. First, PM, s induced reduction in Akt/eNOS sig-
naling in the aorta in 9 days exposure was effectively reversed by the
antioxidant TEMPOL or via overexpression of lung-specific extracellular
SOD (ecSOD) [67]. ecSOD in this animal model is driven by a Surfac-
tant C promoter targeting it to cells that produce Surfactant C. Second
study, similar to 9-day exposure to CAP reduced endothelial progenitor
cell numbers (EPCs) and downregulated VEGF (vascular endothelial
growth factor)-stimulated aortic Akt phosphorylation suggesting that
impairment of endothelial regeneration owing to depletion of en-
dothelial progenitor cells may represent an important mechanism of
sustained endothelial dysfunction. Additionally, the study reported
blunted plasma NO levels in wild-type mice but not in mice over-
expressing extracellular superoxide dismutase (ecSOD-Tg) in the lungs.
Finally, EPCs from CAP-exposed wild-type mice failed to augment
hindlimb perfusion when injected into unexposed mice subjected to
hindlimb ischemia. In contrast, EPCs derived from CAP-exposed ecSOD-
Tg mice restored hind limb ischemia [68].

PM, s exposure confers activation of sympathetic nervous system
and hypothalamic inflammation that is consistent with abnormal blood
pressure responses [69]. PM particles can permeate the central nervous
system and induce inflammation in areas that responsible for blood
pressure regulation and metabolic control [13,25,70,71]. Receptors
such as TRPA1 (transient receptor potential cation channel, subfamily
A, member 1) in airway sensory neurons can also sense the environ-
mental toxicants and aerogenic oxidants, resulting in neurogenic in-
flammation [72]. It has been shown that inhibition of central IKKf(
prevented peripheral inflammation and abnormalities in insulin re-
sistance and improved whole body metabolism [63,69].

4.5. PM exposure: oxidative stress, anti-oxidant mechanisms and redox
balance

While there is a plethora of information on oxidant stress in re-
sponse to air pollution exposure, in-depth information on regulation
and expression of anti-oxidant defenses in PM, 5 in vivo exposure model
is relatively sparse. In the event of oxidative stress, the major anti-
oxidant defense mechanisms including superoxide dismutase (SOD),
glutathione peroxidase, catalase, glutamate-cysteine ligase catalytic
subunit (GCLC), thioredoxin reductases, hemeoxygenase-1 (HO-1),
NADPH quinone oxidoreductase 1 (NQO-1) and methionine sulphoxide
reductases] and non-enzymatic entities (such as glutathione, vitamins
A, C, and E, and flavonoids) are induced to restore cellular redox
homeostasis [73-76]. The enzymatic defense mechanisms are regulated
at the transcriptional level by Nrf2 (nuclear factor-erythroid 2-related
factor 2) transcription factor and its associated gens [77]. Nrf2, a basic
leucine zipper protein coded by NFE2L2 gene in humans, is the master
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transcription factor, that regulates the transcriptional induction of an-
tioxidant response elements, (ARE). AREs protect against oxidative
stress induced by injury and inflammation. The major detoxication
enzymes such as SOD, glutathione S-transferase A2 (GSTA2), and
NQO1, contain ARE in their promoter region and during oxidative
stress, Keapl, dissociates from Nrf2, releasing it to bind to the ARE of
the target anti-oxidant genes [25,78,79]. The magnitude of anti-
oxidative response depends upon several factors namely duration of
exposure, PM concentration and toxicity, and susceptibility of the
subjects to air pollutants. For instance, during low level of oxidative
stress antioxidants may increase in the early phase to limit the oxidative
damage while chronic exposure, or highly toxic air pollutants may
cause exhaustion of endogenous antioxidant responses. Rats exposed to
PM, 5 for two weeks showed vascular oxidative stress and up-regulated
expression of Cu/Zn-SOD and Mn-SOD in the pulmonary artery and also
a reduction in eNOS and vasorelaxation [80]. Xu et al. demonstrated
increased mRNA expression of Nrf2 and downstream genes Nqol and
Gclm in mice chronically exposed to PM, s for 10 months [81]. The
contribution of locus and tissue specific Nrf2 in attenuating PM, 5 ef-
fects are important questions and would need to be examined. Ex vivo
Gene expression analysis of PM, s exposed airway epithelial cells (ob-
tained from normal individuals) showed Nrf2-mediated oxidative stress
response as one of the top pathways [82].

5. E. Evidence of particulate matter air pollution association with
oxidative stress/vascular dysfunction in humans

5.1. Evidence from panel studies and large epidemiologic databases

Several human studies demonstrate that acute exposure to air pol-
lution can induce systemic oxidative stress that depend on numerous
factors including chemical composition of the air pollutants, associated
co-pollutants and host susceptibility [25]. A variety of exposures in-
cluding wood smoke (4-h exposure to concentrated wood smoke asso-
ciated with increased urinary excretion of 8-iso-prostaglandin2a);
PM, 5 exposure (increased malondialdehyde (MDA) in women but not
men in Copenhagen) [83,84]. A recent study evaluated lipid perox-
idation markers amongst healthy volunteers traveling from Los Angeles
to Beijing. Accompanying a significant rise in PM and ambient air
pollution was the concentrations of 6 lipid peroxidation biomarkers: 5-,
12-, and 15-hydroxyeicosatetraenoic acid as well as 9- and 13-hydro-
xyoctadecadienoicacid levels. However, 8-isoprostane was not sig-
nificantly elevated [85]. Concentrations of oxidized LDL (oxLDL) have
also been shown to increase following exposure to ambient air pollu-
tion. A study in Belgium correlated proximity to a major road and in-
creases in airway macrophage carbon load with oxLDL. Each increase of
0.25 um? (interquartile range) of carbon load was associated with an
increase of 7.3 U/L (95% CIL: 1.3-13.3 U/L) plasma oxLDL and each
doubling in distance from patient residence to major roads was asso-
ciated with a 2.9 U/L (95% CLI: —5.2 to —0.72) decrease in plasma
oxLDL [86]. Concentrations of oxLDL were found to be independently
associated with iron and nickel content of PM, s in one study of stu-
dents relocating to an urban location [87]. Changes in vascular function
in panel studies have demonstrated significant associations between
multiple acute time windows across a range of concentrations including
most recently with very high exposure levels in China (Table 2). Evi-
dence from both the MESA-Air and the Framingham cohort have de-
monstrated that long-term exposures to ambient levels of PM, g are
linked to compromised brachial endothelial function [88,89]. Collec-
tively this supports the concept that air pollution exposure in humans
through changes in oxidative stress causes vascular endothelial dys-
function. Recently, HDL oxidation index, oxidized LDL (low-density
lipoprotein), and malondialdehyde were associated with PM, 5 ex-
posure in 74 adults apart of the Beijing AIRCHD study (Air Pollution
and Cardiovascular Dysfunction in Healthy Adults) [90]. There have
been inadequate studies on the impact of effect modifiers that may
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Table 2 (continued)

Ref

Major outcome

Air pollutant

Population /cohort

Study

One-hour post-exposure, for every 100-ug/m? increase, coarse particles

increased circulating VEGF, fine particles elevated urinary

Ambient coarse (2.5-10 pm; mean, 213 ug/mg), fine

single-blind randomized crossover trial, 50 healthy

young non-smoking volunteers

Liu et. al. 2015, Toronto,

(0.15-2.5 um; mean, 238 pg/m>) and ultrafine particles

(< 0.3 um; mean, 136 pg/m®) for 130 min

Canada

malondialdehyde and ultrafine particles augmented urinary 8-

hydroxydeoxyguanosine.

Ambient particles with various sizes/constituents may influence systemic
biomarkers differently. Endotoxin in ambient particles may contribute to

vascular mediator changes and oxidative stress.

[154]

Both systolic (1.9 mm Hg) and diastolic (1.9 mm Hg) blood pressure levels

Course ambient coarse PM exposure versus filtered air over 2 h

29 healthy young adults underwent a randomized
(164.2 = 80.4 pg/m®)

Byrd, J.B. et. al. 2016,

were higher throughout coarse PM compared with filtered air exposure.
Heart rate variability, endothelial function, and arterial compliance not

significantly affected.

double-blind crossover study involving 2-h exposures

to concentrated ambient coarse PM

Michigan, USA
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determine individual patient susceptibility. Polymorphisms in oxidative
stress-related genes (such as GSTM1, GSTP1, GSTT1, HFE C282Y, CAT
and Hem-oxygenase) have been found to be associated with the vul-
nerability to PM, s [25]. Heart rate variability (HRV) on exposure to
PM, 5 has been associated with glutathione-S-transferase M1 (GSTM1)
allele as has the GT long tandem repeat polymorphism but not the short
in the heme-oxygenase-1 (HO1) promoter [91,92]. Similarly, HFE
C282Y and CAT (rs2300181) modified the effects of PM, 5 on plasma
homocysteine, a marker of inflammation well associated to cardiovas-
cular disease [93]. However, multiple studies have failed to show an-
tioxidant gene variant impact on the effect of PM, 5 on blood pressure
[94,95].

5.2. Controlled exposure studies

Several studies exhibit rapid vascular dysfunction that manifests as
conduit or microvascular endothelial dysfunction or transient reversible
constriction of a peripheral conduit vessel owing to acute exposures to
PM, 5 and dilute diesel exhaust. (Table 2). While many of these studies
did not include oxidant stress markers the genesis of rapid endothelial
function, changes may involve rapid degradation of NO' but often
compensated by increased production of NO. In a classic experiment
performed with diesel exhaust (DE)exposures in humans as part of a
randomized double-blind crossover study, nonsmokers were exposed to
DE or filtered air, and microvascular function tested using plethysmo-
graphy in the forearm during intrabrachial infusions of acetylcholine
and sodium nitroprusside, in the presence of a NO synthase inhibitor
NG-monomethyl-L-arginine (L-NMMA) co-infused with the NO donor
SNP to maintain basal blood flow (NO clamp). Following DE inhalation,
plasma nitrite concentrations increased (68 * 48 versus
41 * 32 nmol/L; P = 0.006) despite similar L-NMMA-induced re-
ductions in basal blood flow compared to air [96]. In the presence of
the NO clamp, acetylcholine and sodium nitroprusside, caused local
dose-dependent vasodilatation of the forearm, that was not affected by
diesel exhaust inhalation (P > 0.05 for both). However, following
exposure to diesel exhaust, systemically administered L-NMMA caused
a greater increase in blood pressure (P = 0.048) and central arterial
stiffness, suggesting that, reduced NO bioavailability secondary to air
pollution exposure, cannot be adequately compensated for by increased
basal NO generation [96]. PM, 5 has not always been shown to induce
endothelial dysfunction, underscoring the importance of composition,
individual susceptibility and methods of determining endothelial
function among many factors that determine vascular responses [97].
Consistent with this, some studies conclude that PM, 5 exposure di-
minished conduit artery endothelial-dependent vasodilatation in a de-
layed fashion post 24 h [98]. PM, s mass and TNF-a levels have both
been associated with the level of endothelial dysfunction, suggesting
that systemic inflammation induced by PM particles and the degree of
pollution are likely responsible. While ozone exposures have been
shown to impair conduit vessel endothelial function in panel studies,
the results from one randomized study seems to indicate lack of acute
effects on brachial endothelial function. In summary, the available
evidence supports an effect of particulate air pollutants on endothelial
function in both conduit and resistance vessels including the coronary
circulation. Moreover, chronic exposure may be responsible for en-
dothelial dysfunction from changes in arterial stiffness and afterload
that may translate into persistent hypertension. Both low and high le-
vels of traffic related air pollutants are well associated with incident
hypertension [99,100]. Similarly, persistent variations in endothelial
function and blood pressure may confer susceptibility to athero-
sclerosis. In the largest study linking chronic exposures to coronary
artery calcium (MESA-Air cohort, n = 6795 across 6 U S. regions), each
5 ug/m? increase in long-term PM, 5 exposure was associated with a
greater progression of CAC (4.1 Agatston units/year). PM, 5 was not
associated with IMT progression in this study [101].
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5.3. Insights from prevention studies

The effect of several dietary supplements have been studied in re-
lation to the effects of air pollution on cardiovascular system [102].
Because oxidative stress is a major initiating pathway with a relation-
ship between levels of pollutants and anti-oxidant systems, many stu-
dies have focused on antioxidant supplementation [103]. Vitamin C
supplementation prevents acute lung effects induced by NO2 and ozone
exposure and has been shown to modify the relationship between PM;,
and COPD/asthma hospitalizations [104-106]. In a study of coal
power-plant workers in Brazil, 6 months of vitamins C and E normal-
ized oxidative stress markers (e.g., SOD, catalase, glutathione perox-
idase, glutathione reductase, and glutathione S-transferase) [107]. In a
randomized trial in Detroit, one-time vitamin C supplementation did
not affect acute BP effect of concentrated PM on blood pressure [108].
At least one study has shown that antioxidant supplementation (vitamin
C and NAC) increased vasoconstriction in response to diesel-exhaust
inhalation [109]. At the population level, a recent study of more than
half a million individuals in the United States followed for 17 years
showed that Mediterranean diet was associated with attenuation of the
association between PM, s and cardiovascular events [110]. In a re-
cently published randomized, double-blinded, placebo-controlled trial
of 65 healthy young adults in China, fish-oil supplementation (2.5 g/
day) prevented PM, 5 increase in blood markers of inflammation, coa-
gulation, endothelial function, oxidative stress, and neuroendocrine
stress response [111]. Thus, while there is protective effects of vitamins
and nutrient supplementation against air pollution effects, these effects
are often with short term administration on surrogate end-points. Fur-
ther research is needed to identify whether additional dietary supple-
ments or specific diet can attenuate or prevent the effects of air pollu-
tion.

6. Current challenges in elucidation of the role of oxidant stress in
air pollution toxicity

The underlying mechanisms by which PM-induced oxidant stress
responses mediate inflammation and exert biological effects are very
complex. There are three broad strenuous questions listed below related
to delineating the exact role of ROS in the air pollution mediated
pathologies and these need to be kept in consideration while defining
the mechanism involved in air pollution mediated adverse health
complications.

6.1. Sources of oxidant stress

Oxidant stress can directly originate from the PM including redox
cycling of PM components as well as through various intracellular
sources. There are several animal studies that provide evidence for the
contribution of endogenous cellular sources that manipulation of ROS
pathways through knock out or other models modulate effects of air
pollution exposure that have been reviewed previously [25].

Cellular Contributions From Immune Cells and Non-Immune Cells: The
exact contribution of reactive oxygen species from immune cells versus
non-immune cells such as endothelial and epithelial cells is important
to understand the locus of effects and in identifying the potential
therapeutic targets [23].

6.2. Transduction of PM-induced pulmonary oxidative stress in mediating
systemic responses

Elements present the PM could directly induce oxidative damage in
the pulmonary system. The initial inflammation and ROS generated in
the lung is beneficial to remove the deleterious stimuli and initiate
tissue repair. However, the protracted inflammation in the lung and
dysregulated ROS and antioxidant response may lead to systemic ef-
fects. The role of pulmonary oxidative stress and various damage
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associated molecular patterns (DAMPs) including, oxidatively modified
lipoproteins, 0xDNA, ssRNA, dsRNA, HMGB1 and mitochondrial pro-
tein and their impact by binding to various receptors (Toll-like re-
ceptors [TLRs] and RAGE) in triggering systemic cytokine and chemo-
kines are also important areas of research [23,112-114].

6.3. Conclusions and future studies

In conclusion, oxidative stress is a critical intermediator in the
transduction of systemic toxicity associated with air pollution exposure.
The role of endogenous antioxidant defenses particularly, with chronic
exposure will need further exploration. The importance of personal
protective measures in reducing air pollution exposure and their effects
on key oxidative stress pathways and anti-oxidant defense mechanisms
are important areas in future research.
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