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Abstract

Air pollution is a major environmental risk to human health and wellbeing.
According to WHO reports in 2012, ambient (outdoor) and indoor air pollution
was linked to seven million premature deaths worldwide. Most of them were
attributed to cardiovascular diseases (stroke and ischemic heart disease),
chronic obstructive pulmonary disease (COPD), lung cancer, and acute lower
respiratory infections in children. Yet 92% of the world population lives in places
that exceed the WHO air quality guidelines. On the other hand, laboratory and
clinical studies indicate that a nutritious diet and/or intake of micronutrients
with antioxidant, anti-inflammatory, and detoxifying properties may ameliorate
many harmful health effects caused by polluted air.

This review is composed of two parts: Part | addresses cellular and health aspects
associated with human exposure to polluted air and Part Il (to be published in
the next edition of our Journal) will discuss potential biological mechanisms | Correspondence to
underlying the protective effects of vitamins B, C, and E, omega-3 fatty acids, | Dr. Aleksandra Niedzwiecki,
and sulforaphane against air pollutants, as demonstrated in human studies. Dr. Rath Research Institute,
1260 Memorex Drive,
Santa Clara, CA 95050,
USA.
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1. Characteristics of air pollution

Air  pollution sources and

encompasses diverse dispersed mixtures of gaseous,

comes from many
liqguid, and solid compounds that adversely affect
humans and ecosystems.

Natural sources: Some air pollutants come from
natural sources, such as radon gas from radioactive
decay, smoke and carbon monoxide from wildfires, or
sulfur and ash particles from volcanic activity.

Indoor sources: Among many other sources cooking
and heating homes with fireplaces or traditional
stoves using solid fuels creates high levels of indoor air
pollution, exposing occupants to fine particles, carbon
monoxide, and other health damaging pollutants
[4]. In addition, larger particles of dust, pollen,
spores and plant and insect parts suspended in air
contribute to pollution. Also many modern materials
(e.g. construction materials), office equipment (e.g.
printers), cleaning products, or indoor activities such as
smoking or burning candles emit hazardous substances
(e.g., benzene, formaldehyde, naphthalene, ozone,
phthalates) [13,14,15].

Industrial sources: Industrial pollution, largely linked
to burning multiple types of fuel including coal,
charcoal, wood, crop waste, dung, gas, naphtha, and
many others, has the most pronounced negative
effects on health [1,2,3,4,5,6].

Pollutants are classified as primary — directly emitted
fromthe source —orsecondary, which are formed in the
air as a result of further chemical and photochemical
reactions. Chemical composition and concentrations
of pollutants in the air vary, depending on sources
and magnitude of emissions as well as atmospheric
conditions, terrain, and other local and even global
factors.

The six common air pollutants known as “criteria
air pollutants” regulated by the U.S. Environmental
Protection Agency and other governmental institutions
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around the globe include sulfur dioxide (SO2), nitrogen
dioxide (NO2), carbon monoxide (CO), ozone (03),
lead (Pb), and particulates alternatively referred to as
“particulate matter” (PM) [7].

PM encompasses all solid and liquid particles
suspended in air, many of which are hazardous. PM
may include a myriad of compounds of different origin
including a variety of ions (e.g., SO42-, NO3-, NH4+),
toxic metals (e.g., Pb, Al, Hg, As), volatile organic
compounds (VOC), polycyclic aromatic hydrocarbons
(PAHSs) such as benzo(a)pyrene, and various allergens.
Particulates with an aerodynamic diameter of 10 um
or less (PM10), 2.5 um or less (PM2.5; fine particles),
and 0.1 um or less (PMO0.1) described as ultrafine
particles (UFPs), have the strongest impact on human
health, due to their ability to reach the air ducts in the
lungs and pulmonary tree and even penetrate into the
systemic circulation [8,9,10]. In particular, inhaled UFPs
are efficiently deposited in nasal, tracheobronchial,
and alveolar regions from where they can translocate
to other extra-pulmonary organs including liver,
kidneys, heart and brain [11,12]. UFPs are ubiquitous
in urban air both indoors and outdoors.

Chemical characteristic of the most common
pollutants:

Many pollutants in addition to their own intrinsic
chemical toxicity, share a common property of being
potent oxidants [9,10]. Atmospheric gases namely
03, NO2, SO2, CO, as well as compounds carried by
particulates of all sizes, are known to form reactive
oxygen species (ROS) such as superoxide anion,
hydrogen peroxide, and hydroxyl radicals, or indirectly
activate intracellular oxidant pathways [9,10,16,17].

Regarding particulates (PM), the size and chemical
composition determine their biological effects. Many
studies show that the smaller their size the higher the
redox activity, alveolar deposition and potential to elicit
oxidative and inflammatory injury [18,19]. Chemical
analysis of PM from urban areas with heavy vehicle
traffic revealed that ultrafine particles (UFPs) have
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higher concentrations of pro-oxidants such as PAHs,
organic carbon, and elemental carbon than PM2.5 [19].
On the contrary, the content of transition metals that
may generate ROS by Fenton’s reaction was higher in
fine and coarse particles (PM10-2.5) than in UFPs [20].
Overall, studies suggest that many outdoor and indoor
pollutants cause oxidative damage to proteins, lipids,
and DNA, and trigger pro-inflammatory responses
resulting in multiple pathologies [9,10].

In this regard, Li et al. proposed a hierarchical (three-
tiered) model of cellular responses to incremental
levels of oxidative stress using diesel exhaust particles
(DEPs), as an exemplary pollutant (Fig. 1) [21].
According to this, a low level of oxidative stress (tier
1) initiates cyto-protective mechanisms through up-
regulation of antioxidant and detoxification enzymes

High
GSH/GSSG ratio

Level of oxidative stress

Normal

Anti-oxidant defense
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(phase Il drug metabolism), such as HO-1, GST, NQO1.
However, if these protective mechanisms fail, higher
intensity of oxidative stress triggers more damaging
pro-inflammatory responses via activation of mitogen-
activated protein kinase (MAPK) and nuclear factor
kappa B (NFkB) cascade (tier 2). At the highest
level of oxidative stress (tier 3), perturbation of the
mitochondrial permeability and disruption of electron
transfer occurs, resulting in cellular apoptosis or toxic
necrosis [21].

Taken together, the hierarchical oxidative stress model
predicts that weakened antioxidant and detoxification
mechanisms could be responsible for aggravation of
the pathological processes, simultaneously indicating
the importance of antioxidant support as the first line
of antioxidant defense.

Low
GSH/GSSG ratio

Cytotoxicity

Inflammation

Figure 1 — Hierarchical oxidative stress model. GSH/GSSG ratio, the ratio of reduced glutathione (GSH)

to oxidized GSH (GSSG) [22, modified].
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2. Health consequences of exposure to
polluted air

Epidemiological and clinical studies conducted in
Europe, US, China and many countries across the
world consistently show a vast array of adverse health
effects related to both short- and long-term exposure
to air pollution [10,23,24,25,26,27]. The link between
certain air pollutants and an increase in general
morbidity and mortality is well established. The most
frequent causes of hospital admission and/or death
associated with exposure to pollutants are respiratory
problems (e.g., acute lung respiratory infection, COPD,
asthma and lung cancer) and cardiovascular problems
(e.g., stroke, ischemic heart disease, arrhythmia)
(3,4,8,10,16,23,25,28]. The susceptibility to specific
pollutants and severity of symptoms may vary
depending on age, gender, genetic background, pre-
existing diseases, and nutrition [10,16].

2.1 Impact of air pollution on the respiratory system
Upper and lower respiratory tracts are the first target
for air pollution and the first line of defense against it.
Inhaled pollutantstriggerdiverse unfavorablereactions,
which may contribute to the pathogenesis and/or
exacerbation of respiratory diseases [10]. Rhinorrhea,
sneezing, nasal obstruction, coughing, laryngospasm,
dyspnea, wheezing, hyper-responsiveness to allergens,
and frequent pulmonary infections constitute a list of
common respiratory-related symptoms experienced
after and with exposure to high levels of air pollutants
[1]. Often these symptoms are accompanied by
impaired pulmonary function, such as
reductions in forced vital capacity (FVC), forced
expiratory volume in the first second (FEV1), and
forced expiratory flow between 25-75% of the FVC
(FEF25-75) [29,30,31]. In turn, chronic exposure to
pollutants has been associated with higher incidents
of asthma, COPD, pneumonia, and lung cancer as well
as chronic decrements in aforementioned spirometric
parameters (FVC, FEV1, FEF25-75) [1].

reversible

Age-related susceptibility to air pollution: The
most vulnerable to developing life-threatening and/
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or chronic complications are children, the elderly,
individuals carrying specific gene variants, and
patients with pre-existing diseases like asthma, COPD,
cystic fibrosis, diabetes, as well as those suffering from
various cardiovascular conditions.

The high susceptibility of children results mainly
from their not yet fully-developed cellular defense
mechanisms, higher volume of air inhaled per body
weight compared to adults, and importantly, still
immature lung tissue [32,33]. Concerning the latter,
the respiratory system begins its development at
the fourth week of pregnancy and at the end of
the seventh week the lungs are already developed.
However, lung maturation continues after birth and
80% of the alveolar tissue is fully developed by the
end of adolescence [32]. Consequently, lungs are
susceptible to potential damage and impairment in
their development, which can underlie the onset of
pulmonary disease later in life.

As for the elderly, accumulated evidence suggests
that their increased susceptibility to the adverse
effects of air pollutants is related to age-associated
decline in
and/or cardiovascular conditions, and reduction in
antioxidant defense capacity of the fluid lining the
respiratory tract (RTLF) [10]. This fluid contains a range
of low molecular weight antioxidants (glutathione,
ascorbic acid, tocopherol, uric acid), antioxidant
enzymes  (glutathione  peroxidase,
dismutase, catalase), and the metal-binding proteins
(ceruloplasmin, transferrin) all working together as
a robust antioxidant defense system [34]. Therefore,

lung function, underlying pulmonary

superoxide

proper composition and quantity of antioxidants in
RTLF is critical for optimal lung function.

Regardless of age, genetic background, in particular
polymorphism in TNF-alpha, GSTM1, GSTP1, NQO1,
TLR4, and NRF2 genes, plays a substantial role in
pulmonary responses to air pollution [35,36,37,38,39].
in the
management of oxidative stress and inflammation.

These genes encode proteins involved
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Table 1: Acute and chronic effects of exposure to pollutants on the respiratory system

Effects of acute exposure

(hours and days of exposure)

Increased mortality, including from

respiratory diseases diseases

Aggravated symptoms in people with

COPD and asthma asthma

Susceptibility to respiratory infections, flu
and pneumonia. Increase in symptoms of
cough, wheezing, nose discharge.

Increased prevalence of eye, nose, throat
irritations

Acute changes in pulmonary function children

Increased number of medical and emer-
gency room visits, hospitalizations.

Cellular mechanisms associated with lung exposure
to air pollution:

The core processes underlying both acute and chronic
exposure of the lung airway system to pollutants
include oxidative stress and inflammation.

Due to their pro-oxidant character, most pollutants
directly or indirectly elicit oxidative stress, which if
not attenuated, triggers pro-inflammatory responses
that further potentiate ROS generation [10]. This is
evidenced by higher levels of oxidative and inflamm-
atory markers measured in breath condensates,
sputum, broncho-alveoral lavage fluid, blood and
urine in people with asthma, COPD, acute respirato-
ry distress syndrome, and cystic fibrosis, as well as in
healthy children and adults exposed to air pollution
[10,32,40,41,42,43,44].

Lipids: A primary consequence of oxidative stress is
oxidativedegenerationoflipids, mainly polyunsaturated

Effects of chronic exposure
(years of exposure )

Increased mortality from respiratory

Increased prevalence of COPD and

Higher incidence and mortality from
lung cancer, pneumonia, and influenza

Other effects

Low birth weight

Preterm delivery

Changes in cognitive
development in children

Impaired pulmonary functions,
chronic reduction in FEV, FVC.

Impaired lung development in

fatty acids (PUFAs) in cell membranes, which can lead
to permanent cell membrane dysfunction, damage
and ultimately cell death. Moreover, the end products
of lipid peroxidation such as 4-hydroxynonenal (HNE)
or lipid ozonation products (LOPs) prompt numerous
downstream effects. For instance LOPs can activate
phospholipases A2, C and D and increase a release of
pro-inflammatory mediators by bronchial epithelial
cells such as platelet-activating factor, prostaglandin
E2 (PGE2), interleukins (IL-6 and IL-8), whereas
HNE contributes to airway remodeling by activating
epidermal growth factor receptor and inducing
fibronectin production in lung fibroblasts [45,46,47].

Proteins: Free radicals may alter the structure and
function of proteins by oxidation of the polypeptide
backbone, causing protein aggregation by formation
of protein-protein cross-links, inducing peptide bond
cleavage, or amino acid side chain modifications [10].
It has been demonstrated that oxidation of methionine
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residues in alpha(l)-antitrypsin, the primary inhibitor
of neutrophil elastase, exposes the alveolar surface to
destruction by neutrophil elastase, which eventually may
lead to emphysema [48]. Another example of proteins
vulnerable to oxidative damage are surfactant proteins
(SPs). Oxidation of SP-B and SP-C can abrogate the ability
of the surfactant film to reduce lung surface tension
during breathing, while oxidative changes in SP-A and
SP-D impair their capacity to agglutinate bacteria and
enhance phagocytosis by macrophages [49,50,51,52].

DNA: Free radicals are also involved in damaging the
DNA with consequences such as alternations in gene
expression, triggering cell death, and the development
of cancer [53,54]. A study from Mexico revealed a
high systemic DNA damage among outdoor workers
exposed to high levels of PM2.5, ozone, and VOC [55].
This is consistent with laboratory experiments showing
an increase in biomarkers of oxidative DNA damage
formation (8-OHdG and 8-oxo-dG) in human airway
epithelial cells after PM and diesel exhaust particle (DEP)
exposure [56,57]. It is suggested that the metal content
of particulates plays a key role in this process. Indeed,
certain metals, notably chromium, nickel, cobalt, iron,
and copper were found to induce oxidative DNA damage
in the presence of hydrogen peroxide or various organic
carcinogens [58]. DNA breaks and oxidative DNA damage
in lung epithelial cells were also observed after ozone
exposure [59]. Another study revealed that ozone, by
generating hydroxyl radicals, caused DNA backbone
cleavage in addition to DNA base modifications, which
were mainly ascribed to its direct effects [60].

Neuronal functions: It is worth noting that ground-
level ozone has been strongly associated with impaired
lung function, in both healthy people and asthmatics. It
can directly and indirectly, via inflammatory molecules
(e.g. PGE2), stimulate nociceptive bronchopulmonary
nerves, namely airway C-fibers, thereby inducing
bronchoconstriction reflex [61,62,63]. In addition,
C-fiber stimulation releases neuropeptides such as
substance P, which is involved in contraction of smooth
muscle in airways, activation of mucous glands, and
dilation of nearby capillaries [64,65]. These actions are
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also enhanced by airway mucosal inflammation, for
instance by autocoids such as PGE2, which is released
from bronchial epithelial cells upon ozone exposure.
PGE2, together with other inflammatory mediators, can
attract polymorphonuclear leukocytes into the lung,
activate alveolar macrophages, and initiate a cascade of
events leading to lung inflammation [63,64,66,67,68].
In summary, the above examples just scratch the
surface of the complexity and deleterious effects of
free radicals which are not limited to ROS however, but
also include reactive nitrogen species (RNS), reactive
sulfur species (RSS), and reactive chlorine species (RCS)
[53]. Furthermore, aside from exogenous sources of
free radicals such as air pollution, tobacco smoke etc.,
cellular physiological processes (enzymatic and non-
enzymatic) involving mitochondria, cytochrome P450,
and peroxisomes as well as activated immune cells,
represent a significant portion of the oxidative stress
burden [53].

2.2. Effects of polluted air on
cardiovascular functions

Short- and long-term exposure to air pollution has been
associated with the development and aggravation of
ischemic heart disease, heart failure, cardiac arrest,
cardiac arrhythmia, ischemic stroke, transient ischemic
attack, atherosclerosis, and peripheral arterial and
venous diseases, especially deep vein thrombosis
[16,69].

The main mechanisms implicated in these effects
include systemic inflammation, systemic oxidative
stress, increased thrombosis and coagulation, vascular
dysfunction, decreased plaque stability, and autonomic
nervous system imbalance, triggering arrhythmias
[16,70]. This is corroborated by human and animal
studies demonstrating the effects of air pollution on
inflammation markers (e.g., CRP, IL-6, TNF-alpha),
oxidative stress (e.g., 8-iso-prostaglandin F2alpha),
coagulation (e.g., fibrinogen), and endothelial
dysfunction (e.g., ICAM-1, VCAM-1, ET-1) [16,70].
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A study by Bind et al. demonstrated that increases in
particle number (PN), black carbon (BC), NO2 and CO
were associated with elevated levels of fibrinogen in
plasma, while ozone was a significant predictor of CRP
and ICAM-1 in elderly men [70]. Adhesion molecules,
ICAM-1 and VCAM-1 also have been correlated with
PN, BC, NO2, CO, PM2.5, and SO42-. Interestingly,
the authors revealed that individual responses to
air pollutants vary depending on person‘s baseline
DNA methylation status. Moreover, recent human
intervention studies provided strong evidence that
ambient PM2.5 could induce rapid decrease in DNA
methylation
coagulant (F3, SERPINE1) and pro-vasoconstriction
(ACE, EDN1) genes, thereby enhancing their expression
[71,72].

in pro-inflammatory (CD40LG), pro-

In another study, a two-hour inhalation of
environmentally relevant concentrations of ambient
PM2.5 (150 pg/m3) plus ozone (120 ppb) caused acute
arterial vasoconstriction in healthy humans [73]. The
proposed mechanisms include spontaneous increase
in sympathetic nervous system activity via stimulation
of pulmonary vagal afferents or an oxidative stress-
induced increase in vascular endothelin release,
analogous to the effects of cigarette smoking. In
addition, in a similar exposure to PM2.5 and ozone
there was observed a significant increase in diastolic
blood pressure (by 9.3%) which was associated with
the PM2.5 organic carbon content [74]. Again, the
plausible mechanisms pointed toward the activation of
lung macrophages or alveolar cells by pollutants with
the subsequent promotion of systemic oxidative stress
and pro-inflammatory responses, or an increase in
sympathetic drive. It is suggested that PM-stimulated
lung macrophages, via cytokine signaling, can promote
the release of immature leukocytes from bone
marrow, elevating the pool of circulating leukocytes
and facilitating leukocyte-mediated inflammation — a
hallmark of cardiovascular disease [75,76,77,78].

A study by Schwartz el al. corroborate that ROS and
inflammation play a key role in PM-induced cardiac
autonomic dysfunction [79]. The authors studied
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the effect of glutathione S-transferase gene (GSTM1)
deletion, common in approximately half of the white
population, on PM-associated reductions in heart rate
variability (HRV). It is known that parasympathetic and
sympathetic stimulation of the heart affects intervals
between normal heart beats and that reduced HRV is
a strong predictor of sudden cardiac death. The study
showed that about 10 pg/m3 increase in the exposure
to PM2.5, decreased the HRV by 34% in subjects
without GSTM1 gene, however it did not affect those
with GSTM1 present. Furthermore, individuals with
obesity or higher neutrophil counts (above the average
baseline systemic inflammation and oxidative stress)
even with the GSTM1 gene were more affected by PM
exposure. At the same time, a combination of GSTM1-
null genotype and obesity or high neutrophil counts
resulted in over 50% reductions in HRV, thereby an
increased risk of sudden cardiac death [79].

It has been shown that air pollution also affects the
delicate dynamicbalance between blood clot formation
and blood clot dissolution [80]. In human controlled-
exposure studies, inhalation of diluted diesel exhaust
resulted in markedly increased thrombus formation,
platelet-neutrophil and platelet-monocyte aggregates
in addition to the impairment of vascular function,
tissue plasminogen activator (t-PA) release, and
fibrinolysis [81,82]. Data from the study by Kilinc et
al. imply that particulates, including UFPs, promote
early pro-coagulant actions, mostly through the tissue
factor-driven (extrinsic) coagulation pathway, whereas
long-lasting thrombogenic effects are predominantly
mediated by formation of activated factor XII [83].
Overall, a collective body of evidence indicates that
air pollution impacts all vital aspects of cardiovascular
system function via three hypothetically-defined
pathways [16].

Pathway 1 (sub-acute and chronic effects)
Encompasses biological trails of systemic spill-over
of pulmonary oxidative stress and inflammation
(cytokines, activated immune cells, platelets, possibly
histamine, endothelin, oxidized lipids).
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Pathway 2 (acute effects)

Refers to pollutant interactions with lung receptors
or nerves affecting the systemic equilibrium of the
autonomic nervous system (e.g., vasoconstriction,
increased platelet aggregation) or heart rhythm.

Pathway 3 (acute and possibly chronic effects)
Pertains to direct effects of the translocation of air
pollutants, in particular UFPs or particle constituents
(metals, organic compounds), into the systemic
circulation, causing oxidative stress, inflammation,
dysfunction,
vasoconstriction and other effects.

endothelial atherosclerosis,
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