
The adverse pathophysiological efects oo ootdoor air pollotioo oolioe editioo – 1

Review aRticle

1 Ceotral Uoit, Ceotre oor 
Eoviroomeotal health, 
Natiooal Iostitote oo Poblic 
Health, Ljobljaoa, Sloveoia
2 Departmeot oo Poblic 
Health, Medical Facolty, 
Uoiversity oo Ljobljaoa, 
Ljobljaoa, Sloveoia

Correspondence:
Simooa Perčič, e: simooa.
percic@oijz.si

Key words:
ootdoor air pollotioo; 
respiratory disease; 
cardiovascolar disease; 
oeorologic diseases; 
diabetes mellitos; 
systematic aoalysis

Received: 20. 12. 2016 
accepted: 16. 2. 2018

@publisher.id: 2477
@translation: eo
@discipline-en: Microbiology aod immooology, Stomatology, Neorobiology, Oocology, Homao reprodoctioo, Cardiovascolar system,  
Metabolic aod hormooal disorders, Public health (occupational medicine), Psychiatry
@article-type-en: Editorial, Origioal scieotioic article, Review article, Short scieotioic article, Prooessiooal article
@running-header: The adverse pathophysiological efects oo ootdoor air pollotioo
@reference-en: Zdrav Vesto | March – April 2018 | Volome 87

The adverse pathophysiological effects of 
outdoor air pollution on the body tissues

Simona Perčič,1 Peter Otorepec,1 Andreja Kukec2

Abstract
Long-term exposure to outdoor air pollution is a serious and common public health concern 
associated with growing morbidity and mortality worldwide. There are many published studies 
about the pathophysiological mechanisms involved in response of the body tissues to outdoor 
air pollution exposure. The aim of our review was to investigate the problem of outdoor air pollu-
tion and health effects of pathological mechanisms, with specific goal to point out public health 
intervention strategies based upon a clearer understanding of pathophysiological mechanisms 
of outdoor air pollution. A systematic literature review was carried out in two bibliographic da-
tabases, Science Direct and PubMed, in the period from January 1995 to December 2015. We 
conducted a systematic analysis of 95 studies, 43 of them being review studies and 52 original 
studies. The systematic analysis was done in three steps, for each body tissue separately (respi-
ratory diseases, cardiovascular diseases, neurologic diseases and diabetes mellitus). This insight 
into literature review may help foster more effective preventive measures at the public health 
level as well as potential intervention strategies based upon a clearer understanding of the in-
volved pathways.
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1. Introduction

In the past decades, various patho‑
physiological effects of outdoor air pol‑
lutants on the respiratory tract (1‑5) 
and cardiovascular (3,6‑10) system have 
been well researched and reported in 
large epidemiological studies. Recently, 
epidemiological study have also demon‑
strated an association between outdoor 
air pollutants and central nervous sys‑
tem (CNS) diseases (11,12). An asso‑
ciation was also indicated between a 
long‑term exposure to outdoor air pol‑

lutants, insulin resistance and diabetes 
mellitus (type 2 diabetes) in adults and 
in children (13,14). Different findings of 
the studies investigating the influence 
of exposure to outdoor air pollution on 
health can be attributed to various study 
approaches. It should be pointed out, 
however, that epidemilogical studies are 
investigating the effects of exposure to 
outdoor air pollutants in different popu‑
lation groups. In correlation analysis, dif‑
ferent groups of potential confounding 
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risk factors are taken into accout. Data on 
the obseved health outcome and expo‑
sure to pollutants are obtained in differ‑
ent ways, and different exposure periods 
are taken into account (12). According to 
the World Health Organization (WHO), 
the burden of disease due to air pollu‑
tion is estimated to exceed 2 million 
pemature deaths annually, which could 
be attributed to urbane and indoor air 
pollution (15). The latest online news by 
WHO Media Centre reports as many as 
7 million deaths as a result of air pollu‑
tion in 2012 (16). The total contaminated 
outdoor air represents the presence of 
various and complex chemical mixtures, 
PM (PM) or rough particles, gases (ter‑
restrial ozone (O3), carbon monoxide 
(CO), sulphur dioxide (SO2), methane 
and nitrogen oxides (NOx) ), organic 
compounds (polycyclic aromatic hy‑
drocarbons and bacterial endotoxins) 
and toxic metals (vanadium, lead, nickel, 
copper and manganese), which can be 
found in the indor and outdoor air (12). 
Although outdoor air pollutants can en‑
ter the interior spaces, there are pollut‑
ants that are unique to indoor‑air pollu‑
tion; these are substances generated in 
the combustion process (e.g. gases, par‑
ticles of different sizes, tobacco smoke), 
biological contaminants (e.g. mites, 
molds) and chemical contaminants (e.g. 
vapours emanating from building mate‑
rials, furniture, household cleaners) (17). 
Millions of people worldwide are chron‑
ically exposed to legally still acceptable 
high concentrations of outdoor air pol‑
lutants (12). Among all the outdoor‑air 
pollutants, the most widespread and also 
harmful are particles of different siz‑
es (12). Depending on the size, the PM 
is classified into rough particles (PM10) 
with an aerodynamic diameter of 2.5 to 
10 μm, fine particles (PM2.5) and ultraf‑
ine particles (UFP) or nanoparticles 
(NP) of less than 0.1 μm (13,18). PM2.5 

and UFP can pass through the lung alve‑
oli and enter the bloodstream, thus caus‑
ing various health effects (19‑21). In our 
review, we focused on the effects of PMs 
(PM) of different sizes in outdoor air on 
various body tissues.

The aim of this review article is to 
examine the pathophysiological mecha‑
nisms involved in the effects of contam‑
inated outdoor air, with the specific goal 
on the public health actions based on a 
better understanding of these mecha‑
nisms and their effects on the health of 
the population.

2. Methods

In a systematic review, we studied ar‑
ticles that investigated the relationship 
between the outdoor air pollution and 
pathophysiological mechanisms, and the 
effects on the body tissues. Information 
was derived from two bibliographical 
databases: Science Direct and PubMed. 
Our systematic analysis included articles 
published in the period from January 
1995 to December 2015. In our search, we 
used the following key words: outdoor 
air pollution OR atmospheric pollution 
OR ambient outdoor air pollution, respi‑
ratory diseases, cardiovascular diseases, 
neurological diseases and diabetes mel‑
litus.

In the process of searching and de‑
fining the articles for the final systematic 
analysis, the following inclusion criteria 
were taken into cosideration: a) review 
or original scientific articles describing 
pathophysiological mechanisms affect‑
ing body tissues as a result of exposure 
to outdoor air pollution, published be‑
tween January 1995 and December 2015; 
b) abstracts; c) English language. All ab‑
stracts derived from both bibliograph‑
ical databases using inclusion criteria 
were analysed. Not all the articles found 
in both bibliographical databases were 
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included in our systematic review, as 
some of them were focused on topics 
other than air pollution and pathophys‑
iological mechanism response of body 
tissues. Also, many articles repeated the 
same findings as those that have already 
been included in the review. The final 
number of articles was determined for 
original scientific papers on the basis or 
new scientific findings reported, and for 
review articles on the basis of the sum‑
marised scientific findings.

2.1. Respiratory diseases

The initial key words (outdoor air 
pollution, respiratory diseases) for re‑
view articles in both bibliographical da‑
tabases revealed 306 articles. By using 
more selective key words (outdoor air 
pollution, respiratory diseases; oxidative 
stress, local inflammation, systematic in‑
flammation) in the second step, we de‑
termined a total of 52 articles for abstract 
review. In the third step, among these we 
identified 16 articles that met our inclu‑
sion criteria.

The initial key words (outdoor air pol‑
lution, respiratory diseases) for original 
scientific papers in both bibliographical 
databases revealed 77 articles. By using 
more selective key words (outdoor air 
pollution, respiratory diseases; oxidative 
stress, inflammation, autonomic system 
imbalance, mitochondrial dysfunction) 
we determined a total of 55 articles for 
abstract review. In the third step, among 
these we identified 17 articles that met 
our inclusion criteria.

2.2. Cardiovascular diseases

The initial key words (outdoor air 
pollution, cardiovascular diseases) for 
review articles in both bibliographical 
databases revealed 657 articles. By using 
more selective key words (outdoor air 

pollution, cardiovascular diseases; vaso‑
constriction, hypertension, neurological 
system imbalance, atherosclerosis, coag‑
ulation and thrombosis) we determined 
a total of 115 articles for abstract review. 
In the third step, among these we iden‑
tified 5 articles that met our inclusion 
criteria.

The initial key words (outdoor air 
pollution, cardiovascular diseases) for 
original scientific papers in both bibli‑
ographical databases revealed 123 arti‑
cles. By using more selective key words 
(outdoor air pollution, cardiovascular 
diseases; vasoconstriction, hypertension, 
neurological system imbalance, athero‑
sclerosis, coagulation and thrombosis, 
mitochondrial dysfunction) we deter‑
mined a total of 39 articles for abstract 
review. In the third step, among these we 
identified 16 articles that met our inclu‑
sion criteria.

2.3. Neurological diseases

The initial key words (outdoor air pol‑
lution, neurologic diseases) for review 
articles in both bibliographical data bas‑
es revealed 62 articles. By using more se‑
lective key words (outdoor air pollution, 
neurological diseases, inflammation, ox‑
idative stress, neurological imbalance) 
in the second step we determined a total 
of 20 articles for abstract review. In the 
third step, among these we identified 19 
articles that met our inclusion criteria.

The initial key words (outdoor air pol‑
lution, neurological diseases) for original 
scientific papers in both bibliographical 
databases revealed 30 articles. Among 
these we identified 19 articles that met 
our inclusion criteria.
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2.4. Diabetes

The initial key words (outdoor air 
pollution, diabetes mellitus) for review 
articles in both bibliographical databas‑
es revealed 38 articles. By using more se‑
lective key words (outdoor air pollution, 
diabetes mellitus, inflammation, adipose 
tissue, central nervous system dysfunc‑
tion) in the second step we determined 
a total of 5 articles for abstract review. In 
the third step, among these we identified 
3 articles that met our inclusion criteria. 
The initial key words (outdoor air pol‑
lution, diabetes mellitus) for original 

scientific papers in both bibliographical 
databases revealed 36 articles. Among 
these we identified 11 articles that met 
our inclusion criteria.

3. Results and discussion

There are three main pathways that 
associate exposure to PM of different 
sizes with respiratory diseases, cardio‑
vascular diseases, neurological diseases 
and metabolic disorders, including type 
2 diabetes. These pathophysiological 
mechanisms are presented in Figure 1. 

Figure 1: Pathophysiological mechanisms that link outdoor air pollutants with respiratory diseases, cardiovascular 
diseases, neurological diseases and metabolic disorders, including type 2 diabetes.

ROS – reactive oxygeo species, IL-6 – ioterleokio-6, IL-1β – ioterleokio 1 beta, TNF- – tomoor oecrosis oactor alpha, CNS – ceotral 
oervoos system
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Exposure to matriculate matter of differ‑
ent sizes causes (22):
1. oxidative stress and lung tissue in‑

flammation with inflammatory re‑
sponse /oxidative stress that extends 
systemically and causes vascular im‑
pairment;

2. PM of different sizes also stimulates 
the pulmonary autonomic nerve end‑
ings and receptors, resulting in the 
prevalence of sympathetic tone over 
the parasympathetic one;

3. Ultra fine particles (UFP) may enter 
the bloodstream and cells and get in 
direct contact with endothelial cells 
and platelets, exerting potentially ad‑
verse effects on the blood vessels and 
haemostasis.

3.1. Respiratory diseases

Outdoor air pollutants affect one 
or more host defence mechanisms in 
the respiratory tract. Several pollutants 
act simultaneously in a cascade of in‑
tertwinned pathophysiological mech‑
anisms. The pathophysiological mech‑
anisms include triggering of oxidative 
stress, local and systemic inflammatory 
response, decline in mucocilliary clear‑
ance, increased respiratory response and 
bronchial irritation (23‑26). These mech‑
anisms vary with respect to the type of 
outdoor air pollutant and the duration 
of exposure (27,28). In addition, vari‑
ous health effects are more pronounced 
in particularly vulnerable population 
groups, such as patients with chronic 
cardiovascular diseases, children and the 
elderly (29).

3.1.1. Oxidative stress
Outdoor air pollutants can cause lung 

tissue damage due to oxidative stress 
through direct action of free reactive ox‑
ygen species (ROS) or indirect induction 
of inflammatory response. Free radicals 

can directly cause the production and 
activation of inflammatory mediators or 
indirectly induce the release of inflam‑
matory mediators following tissue dam‑
age (29). ROS are normal products of 
cell metabolism and cause cell damage 
by affecting intracellular components, 
such as deoxyribonucleic acid (DNA) 
and membrane lipids (30). Antioxidant 
redox system and antioxidant enzymes 
neutralise ROS, while oxidative stress 
may cause posttranslational modifica‑
tion to proteins that modulate ROS ac‑
tivity (31). The activation of sensitive 
redox pathways, e.g. of nuclear factor 
Kappa beta (NF ‑κΒ), leads to the se‑
cretion of inflammatory cytokines (e.g. 
Interleukin‑6 (IL‑6), tumour necrosis 
factor alpha (TNF‑α)) and chemokines, 
which accelerate immune response as 
well as oxidative stress, most probably as 
part of a coordinated tissue response in 
the fight against foreign matter. There is 
a hypothesis that this response extends 
throughout the whole organism, and 
rather than being limited to the lungs 
alone, it also involves the systemic cir‑
culation (22,23,29). Scientists presume 
that the majority of mediators originate 
from pulmonary tissue cells (e.g. mac‑
rophages), however, this hypothesis still 
needs to be confirmed, because the role 
of other cells cannot be excluded (22,29). 
Oxidative stress that affects cells may 
cause several chronic diseases (32). Body 
tissues have developed various mecha‑
nisms to cope with oxidative stress. The 
latter becomes harmful by producing 
free radicals in a quantity that the tissues 
can no longer control by cells’ antioxi‑
dant mechanisms. Such excessive quan‑
tities of free radicals interact with DNA 
nucleotides, resulting in DNA mutations 
over a longer time period. Although 
there are cellular mechanisms that detect 
and repair oxidative DNA damage, the 
mutation accumulates over time, and as 
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a result, chronic diseases, cardiovascular 
diseases and cancer may also occur.

3.1.2. Direct inflammatory 
response

A persistent immune‑response‑me‑
diated inflammatory condition is an 
important mechanism through which 
outdoor air pollutants may damage lung 
tissue (32,33). Molecular pathways in‑
volved in the respiratory inflammation 
related lung tissue damage have not yet 
been fully explained, however, several 
studies have shown that they undoubt‑
edly include an increased IgE‑mediated 
sensitivity to airborne allergens and 
immune response via Toll‑like recep‑
tors (TLRs) (34‑49). Regulatory T‑cells 
probably play a key role in the inhibi‑
tion of allergic sensitisation pathway 
and IgE production as a response to al‑
lergen exposure. Outdoor air pollutants 
exert influence on the IgE‑mediated 
response by damaging the regulatory T 
cell function (38,39). With respect to the 
TLR‑mediated innate immune response 
in lung damage due to airborne pollut‑
ants, TLRs are known to support defence 
against a plethora of antigens, and func‑
tion as signal transmitters in the expo‑
sure to the so‑called pathogen-associ-
ated molecular patterns (PAMP), such 
as lipopolysacharide (LPS) and various 
inflammatory mediators released in re‑
sponse to tissue damage (43). LPS is an 
endotoxin found on the cell membrane 
of Gramm‑negative bacteria and is one 
of PM components. The bronchial ep‑
ithelial cells are the main first PM sen‑
sors, expressing a considerable level 
of TLR 2 (44,45). TLR can be activated 
directly by biological components con‑
tained in PM of different sizes, such as 
e.g. LPS, peptides and gas pollutants 
such as O3 (45). Different size PM com‑
ponents, such as LPS, play a key role in 
the urban environment in Asia, where 

the outdoor air pollution with LPS‑rich 
sources is supposed to be the greatest. 
Studies have shown that exposure to O3 
and consequent increase in the number 
of neutrophils in the respiratory system 
indicate the same signaling pathway.. 
It has been shown that neutrophils re‑
leased into the respiratory tract after 
exposure to O3 and LPS produce ROS, 
which causes epithelial cell inflamma‑
tion, hyper reactivity of the respiratory 
tract and lung tissue damage by so far 
unknown mechanisms (46).

3.1.3. Systemic inflammatory 
response

PM is a triggering agent for a range of 
abnormalities in the lung tissue, includ‑
ing innate and acquired cellular immune 
response and the release of inflammatory 
cytokines (32,33). For the time being, sci‑
entists can only hypothesize that there is 
a synergistic effect with other cells, such 
as bronchial epithelial cells, as regards the 
release of such cytokines (50,51). When 
studying the exposure to PM of different 
sizes in experimental animal models, sci‑
entists found elevated C‑reactive protein 
(CRP), IL‑6, and TNF‑α values, and de‑
creased expression of IL‑10 gene (50‑57). 
The rate of inflammation in the lung tis‑
sue is associated with an increase in sys‑
temic cytokines and a systemic vascular 
failure (55). Several related factors can 
therefore directly affect the cardiovascu‑
lar system and may also cause changes in 
other organs that enhance local tissue or 
systemic cardiovascular responses, such 
as the release of adipocytokins (resistin, 
adiponectin) and acute phase proteins 
(CRP, fibrinogen and other coagulation 
factors) (22).

There is more evidence that sup‑
ports the association between chronic 
exposure to PM of different sizes, in‑
flammatory lung response and systemic 
vascular failure (29). The study found an 
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increased number of peripheral baso‑
phils in healthy adults four hours after 
their 2‑hour exposure to PM2.5 (58). The 
next study also revealed elevated leuko‑
cyte counts in healthy adults 12 hours 
after their 2‑hour exposure to concen‑
trated PM2.5 (59). In physically active 
asthmatics, a decrease in the number of 
monocytes, basophils and eosinophils in 
the blood was found after exposure to 
black carbon (60).

3.1.4. Imbalance of the 
autonomic nervous system

It has been proven that severaly types 
of pulmonary receptors (e.g. several po‑
tential receptors) and nerve endings de‑
tect particles of different sizes or redox 
inactive compounds in the lungs (22,61). 
Afferent autonomic reflexes that are es‑
tablished cause a systemic autonomic 
sympathetic nervous response. This au‑
tonomic nervous system response causes 
the dominance of the sympathetic auto‑
nomic nervous system over the parasym‑
pathetic system. There may be several 
clinical consequences (e.g. changes in 
the heart rate at short‑term exposure to 
high concentrations of PM2,5, hyperten‑
sion, ECG changes (ventricular repolari‑
sation disorders)) (22).

3.1.5. Mitochondrial impairment
Because of their nanosize, UFP can 

enter the cell directly via a non‑phagocyt‑
ic route and thus impair organelles such 
as mitochondria (62). The damaged mi‑
tochondria thus contribute to increased 
oxidative stress through increased ROS 
production and thereby either burden 
the cell with excessive amount of ROS 
or impede the cell’s antioxidant defence 
mechanisms. Mitochondria, which reg‑
ulate cellular energy, metabolism and 
apoptosis, are critical organelles regulat‑
ing various cellular responses that lead 
to death or survival of the cell (63,64).

3.1.6. Changes in the 
endoplasmic reticulum

Cellular resonses to oxidative stress 
may lead to changes in the endoplas‑
mic reticulum and actually induce cell 
death (64,65). Disorders of calcium ho‑
meostasis in the endoplasmic reticu‑
lum also contribute to cellular damage. 
The endoplasmic reticulum is a critical 
organelle in the early protein synthe‑
sis of membrane and secretion proteins 
occuring in the lumen of the endoplas‑
mic reticulum, which includes the whole 
pathway responsible for their structur‑
ing. The loss of homeostasis of the en‑
doplasmic reticulum triggers a stress 
response, which is central to the pathol‑
ogy of inflammatory and degenerative 
diseases (66). Recent studies have shown 
that exposure to outdoor air pollutants 
causes stress to the endoplasmic reticu‑
lum in the lung tissue (67,68). Stress in 
the structuring of proteins in the endo‑
plasmic reticulum leads to the activa‑
tion of the Unfolded Protein Response 
(UPR) (69).

3.2. Cardiovascular diseases

There is increasing evidence of the 
association between cardiovascular 
mortality and exposure to outdoor air 
pollutants (8‑10). The health effects due 
to the exposure to PM of different sizes 
depend on the aerodynamic diameter of 
the particles. It is well known that expo‑
sure to particles with a smaller aerody‑
namic diameter causes more severe ad‑
verse effects on health (13,18).

3.2.1. Vasoconstriction and 
vascular damage

When the particles enter the body, 
PM2.5 and UFP can enter the systemic 
blood circulation directly with the po‑
tential of exerting a direct effect on the 
cardiovascular system. The ability of UFP 
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to pass through this barrier depends on 
several factors, such as particle size, their 
polarity, chemical composition and their 
potential to form clusters (19,70,71). 
Regardless of their route of entry, UFP 
in the blood circulation may exert direct 
effect on the cells of the vascular endo‑
thelium and cause local oxidative stress 
or inflammatory effects, comparable to 
their effects in the lungs. In addition, 
circulating cytokines secreted by periph‑
eral tissue or endothelial cells stimulate 
peripheral cells of the innate immune 
response (73,74). Published studies re‑
port that exposure to PM of different 
sizes may cause acute vasoconstriction 
and impair endothelial function (22,61). 
Langrish et al. (75) has provided reliable 
evidence that a vascular impairment due 
to inhalation of diesel exhaust fumes ac‑
tually occurs as a result of reduced levels 
of nitric oxide (NO), presumably due to 
excessive NO use in the vessels. Scientists 
have already proved that certain patho‑
physiological pathways of diesel exhaust 
fumes are caused by PM inhalation rath‑
er than by gas contaminants in outdoor 
air. Endothelial cells that were incubated 
with a serum of healthy individuals ex‑
posed to diesel exhausts produced high‑
er levels of ROS. Studies have shown 
that acute vascular failure due to diesel 
exhausts is caused by endothelial de‑
pendent vasodilatation resulting from 
lower availability of NO, secondary to 
oxidative stress caused by inhaled par‑
ticles (77). These vascular responses, in‑
cluding acute vasoconstriction and en‑
dothelial damage, play a key role in the 
genesis of acute cardiac ischaemia and 
chronic cardiovascular diseases (77).

3.2.2. Hypertension
It has long been known that the ex‑

posure to PM of different sizes causes 
hypertension (77). More recent research, 
however, provides insight into haemody‑

namic changes caused by PM of differ‑
ent sizes (8‑10,78,79). There is a wealth 
of evidence on the association between 
outdoor air pollution and a higher prev‑
alence of hypertension (80,81). Recent 
findings of studies with controlled ex‑
posure of healthy volunteers to PM sup‑
port the hypothesis that an unbalanced 
autonomic nervous system with the 
prevalence of sympathetic over the para‑
sympathetic one is a relevant factor (82). 
Important findings indicate that in the 
pathogenesis of hypertension it is also 
important to consider impaired elimina‑
tion of sodium due to PM exposure (82). 
Scientists believe that the presence of en‑
dothelial damage, vasoconstriction, vas‑
cular hypertrophy, autonomic imbalance 
with an increased sympathetic tone, 
along with some other factors that have 
not yet been fully explained, are includ‑
ed in the pathophysiology of hyperten‑
sion (77). These results support the hy‑
pothesis that outdoor air pollution may 
cause cardiovascular events (infarction 
and cardiac arrest), and acute increase in 
blood pressure leading to chronic hyper‑
tension (22).

3.2.3. Atherosclerosis
Chronic exposure to high concentra‑

tions of PM of different sizes is associat‑
ed with an accelerated onset of systemic 
atherosclerosis (77). Scientists have al‑
ready discovered some pathophysiolog‑
ical mechanisms involved in the process. 
These include: Systemic inflammation, 
oxidative stress in the endothelial vas‑
cular cells, activation of innate and ac‑
quired immune response, and impaired 
high‑density lipoprotein activity (22,77). 
It has been shown that PM of different 
sizes cause prooxidative effects in vitro in 
cell types that play key role in the devel‑
opment of atherosclerotic changes. These 
are endothelial cells, macrophages and 
possibly also smooth muscle cells (83). It 
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has also been shown that PM of different 
sizes increase ROS production in human 
endothelial cells of the aorta, most likely 
by activating endothelial NADPH (nic‑
otinamide adenine dinucleotide phos‑
phate) oxidase and/or electronic failure 
in the mitochondrial electron complex. 
It is assumed that the oxidation of lipo‑
proteins is also involved in the mecha‑
nism of accelerated atherosclerosis, i.e. 
in addition to systemic inflammation, 
since both pathways are deemed to be 
essential in the genesis of atherosclero‑
sis (83). Several studies have linked the 
effects of contaminated outdoor air with 
hypertension, which is a known risk fac‑
tor for atherosclerosis (77). Accelerated 
onset and progression of atherosclerosis 
pose a greater risk for acute cardiovascu‑
lar events (22,77).

3.2.4. Accelerated blood 
coagulation and thrombosis

Research has shown that outdoor air 
pollution is associated with increased 
thrombotic potential, platelet activation 
and a higher tendency to blood clot‑
ting (22,77). The mechanisms involved 
in these prothrombotic changes have not 
yet been fully explained. The hypotheses 
are based on experimental data that the 
inhaled particles act quickly and directly 
activate thrombocytes, thus accelerating 
thrombosis independently of the mech‑
anisms of systemic inflammatory re‑
sponse (84,85). The mechanisms include 
direct activation on platelets by particles 
entering the blood circulation, as well 
as inflammatory pulmonary endotheli‑
al cells that secrete adhesion molecules, 
which activate the circulating platelets via 
a P‑selectin‑dependent pathway (84,85). 
The sum of multiple small changes in 
hepatic expression of acute phase pro‑
teins and coagulation factors (e.g. fibrin‑
ogen) further enhances these respons‑
es (85). Recently it has been proven that 

hypomethylation of inflammatory genes 
is also involved. The endogenous throm‑
bin generating potential increased with 
exposure to higher concentration of PM 
of different sizes. The activation of genes 
(reduced methylation) of nitric oxide 
synthetase‑3 and endothelin‑1 is also in‑
volved in the mechanisms of excessive 
blood coagulability (86). All these mech‑
anisms pose an increased risk for venous 
thrombosis and other acute cardiovas‑
cular events (22).

3.2.5. Imbalance of 
the autonomic nervous 
system, cardiac variability, 
electrocardiographic changes 
and arrhythmias

Many published studies support the 
hypothesis that PM disrupt the auto‑
nomic heart balance (87). These physio‑
logical changes support the assumption 
that inhaled pollutants generally change 
the autonomous balance in favour of 
higher sympathetic activity. The path‑
ways responsible for these changes have 
not yet been fully explained, but there is 
a hypothesis that they represent a sys‑
temic stress response and an integral 
neuronal reflex response mediated by 
activating vagal afferent pathways with 
various subgroups of receptors in the 
lung (77). Regardless of the mechanism 
details, inhalation of PM can induce ar‑
rhythmias, sudden cardiac death or hae‑
modynamic changes (e.g. accelerated 
hear rate, hypertension) or cause cardiac 
ischaemia (22).

3.2.6. Myocardial damage
In a recent study in mice, dysfunc‑

tional mitochondria in the muscle tissue 
of the heart were found after exposure to 
PM of different sizes, which was associ‑
ated with decreased contractility of the 
heart (88).
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Figure 2 presents a systematic review 
of pathophysiological ways in which 
outdoor air pollutants affect the cardio‑
vascular system.

3.3. Central nervous system

The mechanisms through which the 
outdoor air pollutants affect the cen‑
tral nervous system (CNS) are different; 
they exert their influence through vari‑
ous cellular, molecular and inflammato‑
ry pathways that directly impair brain 
structures or lead to a predisposition for 
neurological diseases (89‑91). Copious 
evidence from recent epidemiological 
studies indicates that certain neurologi‑
cal diseases, such as Alzheimer’s disease, 

Parkinson’s disease and stroke are associ‑
ated with outdoor air pollution (89‑92).

3.3.1. Inflammation / oxidative 
stress in the central nervous 
system

CNS inflammation is a complex in‑
nate immune response of neural tissue 
to adverse factors, such as pathogens, 
damaged cells and other irritants with‑
in the CNS. A key component of the 
innate immune response in the CNS 
involves the production of proinflam‑
matory cytokines that are mediated by 
inflammasome signalling. Cells of the 
innate immune response in the CNS, 
i.e. microglia and astrocytes, express 
TLR4, which takes part in the formation 

Air pollutants

activation of the lung
autonomic nervous system

autonomic nervous system
imbalance

systemic inflammation, 
systemic oxidative stress

transition of particulate matter
into systemic circulation

Lung
inflammation, oxidative stress

HeartBlood vessels Blood

myocardial infarction
fibrosis

heart rate variability
arrhythmias
heart failure

vasoconstriction
hypertension

atherosclerosis

thrombosis
coagulation

eeukocyte epigenetic changes

Figure 2: The effects of outdoor air pollutants on the cardiovascular system and blood
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and activation of inflammasomes (93). 
Inflammasomes are multiprotein com‑
plexes. Exact inflammasome composi‑
tion depends on the activator that trig‑
gers its aggregation; thus dsRNA triggers 
its own inflammasome composition, 
which differs from that triggered by e.g. 
asbestos (94). Inflammasomes accelerate 
the maturation of inflammatory cyto‑
kines, such as IL‑1β and IL‑18. They were 
shown to induce cell pyroptosis, the pro‑
cess of programmed cell death, which 
differs from apoptosis (94). Although it 
has been proven that inflammasomes 
are included in the innate immune re‑
sponse, the specific pathophysiological 
significance of inflammasomes in neu‑
rodegenerative diseases has not yet been 
fully explained (95,96). The systemic in‑
flammatory response is associated with 
the production of proinflammatory 
cytokines, which have already been de‑
scribed, and for which blood vessels in 
the brain express certain and induced 
receptors (11,96) Thus cytokines may 
activate endothelial brain cells, disrupt 
the blood‑brain barrier integrity, or 
trigger a signalling cascade leading to 
activation of mitogen‑activated protein 
kinase (MAP‑kinase) and NF‑κB, fur‑
ther leading to the local production of 
proinflammatory cytokines (e.g. inter‑
leukin‑6 (IL‑6), tumour necrosis factor 
alpha (TNF‑α)) and chemokines, which 
accelerate immune response as well as 
oxidative stress (97). In addition, the 
circulating cytokines released from in‑
flamed peripheral organs or endotheli‑
al cells also activate peripheral afferent 
neuron endings or enter the brain by dif‑
fusion and active transfer, thus synergis‑
tically impairing the condition (74,98). 
Therefore, nerve tissue shows an in‑
creased number of infiltrated monocytes 
or activated microglia, and increased ex‑
pression of IL‑1β, a damage of the blood‑
brain barrier, activation of endothelial 

cells, and changes in the prefrontal lobe 
of the brain (99,100).

Due to exposure to environmental 
stress, such as PM‑related air pollution, 
ROS levels increase dramatically, which 
is reflected in a significant damage of cell 
components, including proteins, lipids 
and DNA (101,102). The brain is partic‑
ularly vulnerable to oxidative stress re‑
lated disorders due to their high meta‑
bolic activity, low activity of antioxidant 
enzymes (superoxide dismutase and 
catalase), low levels of endogenous radi‑
cal scavengers (vitamin C), high content 
of cellular lipids and proteins, and high 
levels of redox metals such as iron and 
copper, which can react as catalysts to 
produce ROS (103,104). Oxidative stress 
is thus proven to be associated with 
age‑related neurodegenerative diseas‑
es due to lipid peroxidase production, 
protein aggregation, and oxidative DNA 
in the tissue samples from the affected 
brain (103,105).

3.3.2. Direct penetration into the 
cerebrovascular system

Mechanisms through which outdoor 
air pollutants may affect body tissues 
depend on the size, structure and com‑
position of contaminated outdoor air 
components (19‑21). PM of different siz‑
es can enter mammalian cells in various 
ways, including through phagocytosis, 
pinocytosis, passive diffusion, receptor 
endocytosis, directly by penetrating cell 
membrane or by transcytosis (62,106). 
PM of different sizes that do not enter 
the cell directly can still get in contact 
with surface proteins and alter the sig‑
nalling and behaviour of the cell. UFP 
can easily and rapidly pass through the 
erythrocyte membrane, so that these 
particles can be observed intraluminally 
in the erythrocytes of some brain capil‑
laries (106). They also have a large sur‑
face‑to‑volume ratio and are non‑mem‑
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brane bound organelles, which allows 
them to interact directly with intracellu‑
lar proteins, organelles and DNA. These 
particles can reach specific organelles, 
such as mitochondria, lysosomes and 
Golgi complex, and may cause oxidative 
stress in membranes by interfering with 
NADPH‑oxidase activity. They can also 
trigger the cellular release of inflamma‑
tory mediators and cytokines (62). The 
study showed that exposure to UFP was 
associated with mitochondrial damage, 
as demonstrated by an increase in the 
number of mitochondrial DNA (mtD‑
NA) copies (63). The damaged mito‑
chondria contribute to increased ox‑
idative stress through increased ROS 
production and thereby burdening the 
cell with excessive amount of ROS or 
through involvement in the cell’s antiox‑
idant defence mechanisms. UFP inter‑
action with cellular proteins may result 
in their denaturation or degradation. 
Possible consequences are the loss of 
enzymatic activity and the production 
of autoantigens (107). UFP may also sig‑
nificantly increase the level of protein 
fibrillation, which may indicate a link 
between ambient air pollutants and neu‑
rodegenerative diseases (108,109). Other 
possible molecular pathways that are 
affected by neurodegenerative diseas‑
es include incorrect composition, accu‑
mulation and aggregation of proteins 
in the brain. UFPs that have the ability 
to penetrate into the nerve cells further 
exacerbate these processes in the same 
way as does the oxidative stress caused 
by ambient air pollutants. At cellular lev‑
el too, mitochondrial damage is often 
characterised by aggregation and accu‑
mulation of malformed proteins, leading 
to neurodegenerative diseases (110,111).

3.3.3. Neuron uptake of ambient 
air pollutants

Ambient air pollutants may affect 
the afferent nerve cells and act on the 
circumventricular organs or change the 
permeability of the blood‑brain barri‑
er (112). The circumventricular organs 
are midline brain structures located 
around the third and fourth ventricles. 
They have extensive vasculature and no 
blood‑brain barrier, so that chemicals 
circulating in the blood may enter neu‑
rons directly (112). Another important 
and more direct pathway through which 
UFPs enter the CNS is via the olfactory 
neural epithelium (113‑115). PM2,5 and 
UFP can reach the CNS via the olfac‑
tory receptors or the trigeminal nerve. 
The olfactory epithelium is covered with 
a layer of supportive cells, and olfactory 
sensory neurons extend their dendrites 
into the mucosal layer that covers the 
olfactory epithelium. Thus, they can di‑
rectly get in contact with pollutants in 
the inhaled air. Pollutants that are in‑
haled through the nose can enter the 
cilia of the olfactory neural receptors by 
pinocytosis, simple diffusion or by re‑
ceptor‑mediated endocytosis. Once they 
enter the sensory neurons, they can en‑
ter the olfactory bulbus by slow transfer 
along axons. From there, the pollutants 
travel further into the CNS along the 
axons of the mitral cells projected from 
the olfactory bulb into multiple brain 
locations, including the olfactory cor‑
tex, the anterior olfactory nucleolus, the 
pyriform cortex, the amygdala, and the 
hypothalamus (116). Nasal absorption of 
contaminants is further accelerated by 
systemic inflammatory response due to 
contaminants that also affect the olfac‑
tory mucosal barrier, resulting in the ac‑
celerated destruction of neurons in these 
parts of the brain (113).
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3.3.4. Imbalance of the 
autonomic nervous system

There is yet another mechanism of 
direct UFP’s access to neurons, which 
includes retrograde and anterograde 
transmission in axons and dendrites, 
such as the transfer of inhaled UFP into 
the CNS via sensory nerve endings that 
transfer stimuli to the respiratory epithe‑
lium. Exposure to ground‑level ozone 
(O3) is activated by the CNS through the 
vagal nerves without involvement of the 
thoracic spinal nerves (103). The result is 
an increased sympathetic tone at the sys‑
temic level (22).

Figure 3 presents a systematic review 
of pathophysiological ways in which 
outdoor air pollutants affect the CNS.

3.4. Type 2 diabetes mellitus

There is increasing evidence that ex‑
posure to outdoor air pollutants is asso‑
ciated with susceptibility to type 2 diabe‑
tes 2 (13,14).

3.4.1. Systemic inflammation
PM of different sizes is a proinflam‑

matory triggering agent; the result is a 
range of abnormalities in the lung, in‑
cluding innate and acquired cellular 
immune response and the release of in‑
flammatory cytokines, which has already 
been described (34,‑49). The level of lung 
inflammation correlates with an increase 
in systemic cytokines and systemic vas‑
cular damage, which also affects tissues 
responsible for insulin resistance (liver, 
adipose tissue, muscle, brain) and/or 
type 2 diabetes (55).

3.4.2. Changes in glucose 
homeostasis associated with 
outdoor air pollutants

An increase in blood glucose levels 
associated with exposure to PM2.5 was 
demonstrated in mice fed normal and 

high‑fat diet (119,120). Defective insulin 
signalling in tissues such as the liver is 
essential in the pathogenesis of insulin 
resistance and diabetes. Scientists have 
demonstrated a decrease in tyrosine 
phosphorylation in the liver at exposure 
to PM2.5 with changes in the level of in‑
sulin receptor substrate (IRS). They have 
proven that changes in phosphoryla‑
tion of the IRS in the insulin resistance 
result in the impairment of PI3K/Akt 
signalling. This is an intracellular sig‑
nal transduction pathway that promotes 
metabolism, proliferation, cell survival, 
growth, and angiogenesis in response to 
extracellular signals. This pathway is via 
serine or threonine phosphorylation of 
several subsequent substrates in the cell. 
The key protein is phosphatidylinasitol 
3‑kinase (PI3K). The reduced phosphor‑
ylation of PI3K‑Akt in the liver, skeletal 
muscle, white fat tissue and in the basal 
state aorta as well as in insulin response 
was demonstrated by the development of 
insulin resistance in these organs (122).

3.4.3. Visceral adipose tissue 
inflammation associated with 
outdoor air pollutants

Type 2 diabetes mellitus in humans 
and in animal models is associated with 
increased levels in the collection and/or 
activation of innate immune response 
cells in visceral adipose tissue. Exposure 
to PM results in an increased number of 
macrophages in the adipose tissue with 
a shift to proinflammatory phenotype, 
characterised by an increased number 
of F4/80 macrophages in visceral fat, 
and a “phenotype M1” inflammatory dis‑
ease characterised by elevated levels of 
TNF‑α, IL‑6 and a decline in IL‑10 and 
the expression of MGI1 gene (119). In or‑
der to further evaluate how the exposure 
to PM mediates infiltration in visceral 
adipose tissue, the effects of the expres‑
sion of yellow‑fluorescent protein that is 
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characteristic of monocytes have been 
evaluated by introducing PM2.5 into the 
trachea in the transgenic model (c-fm-
sYFP). However, when these mice were 
rendered insulin‑resistant by high‑fat 
diet, the exposure to PM2.5 resulted in 
a doubled number of endothelial ad‑
herent YFP+ cells in the mesenteric fat, 
while the number of monocytes in fat 
increased sixfold (119). Thus, PM2.5 pro‑
motes the migration and adhesion of 
YFP+ cells into visceral fat deposits. In 
the next study (123), the effects of early 
(at the age of 3 weeks) exposure to PM2.5 
on the development of insulin resistance 
in mice fed normal and high‑fat diet. The 

intraperitoneal glucose tolerance test in 
mice on a normal diet exposed to PM2.5 
showed a significant increase in glucose 
levels. In the high‑fat diet and PM2.5 ex‑
posure in normally fed mice, there was 
an increase in HOMA‑IR (homeostasis 
model assessment index‑insulin resis‑
tance) and an increase in TNF‑α com‑
pared to mice that were on a normal or 
high‑fat diet (123). HOMA‑IR is a meth‑
od for quantifying insulin resistance and 
the function of beta cells. The authors of 
HOMA‑IR made use of physiology stud‑
ies data and developed a mathematical 
equation describing glucose control with 
a feedback loop (124). PM2.5 and high‑fat 

Figure 3: The effects of outdoor air pollutants on the brain via multiple pathways. TNF-α – tumour necrosis factor alpha; 
IL-1β – interleukin 1 beta; IL-6 – interleukin 6; ROS – reactive oxygen species.
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diet combined statistically significantly 
increased total abdominal fat compared 
to the exposure of normally fed mice 
only to high‑fat diet. Visceral and subcu‑
taneous fat increased significantly after 
PM2.5 exposure in normally fed mice, 
and the size of adipocytes in this case 
also increased in visceral and subcuta‑
neous fat. The size of the adipocytes was 
the highest in mice that were exposed 
to high‑fat diet only, and no further in‑
crease was noted after their exposure to 
PM2.5. These data indicate that in mice 
on a normal diet the exposure to PM2,5 
alone may exacerbate adiposity and trig‑
ger proinflammatory effects (123).

3.4.4. PM2,5–mediated stress of 
the endoplasmic reticulum in 
the lung and liver

Stress in the endoplasmic reticulum 
(ER), also called UPR, is an evolution‑
ary conservative pathway intended to 
alleviate wrong protein bending in re‑
sponse to various pathophysiological 
stressors (125). An in vitro study (126) 
has shown that the exposure to PM2.5 has 
the potential of triggering ER and UPR 
stress, which may represent pathophys‑
iological mechanisms that link PM2.5 

exposure to liver insulin resistance. In 
response to inhaled high concentrations 
of PM2.5 exposure over a 10‑week peri‑
od, a statistically significant increase in 
UPR‑associated proteins was observed: 
ATF‑4, Hsp70, Hsp90 and BiP (binding 
immunoglobulin protein) (126). GRP94 
(glucose regulatory peptide) and BiP 
increased in the lung and liver, which 
reflects the activation of transcription 
factor 6 pathway (ATF6) in these organs. 
ATF is one of the three major sensors for 
ER‑stress. Phosphorylated PERK (dou‑
ble‑stranded RNA‑activated protein ki‑
nase‑like ER kinase) and eIF2a were also 
increased in the liver in addition to the 
induction of C/EBP‑homologous tran‑

scription factor CHOP/GADD153 (126), 
the latter being in correlation with apop‑
tosis in the lung and liver. UPR is known 
to intersect with several inflammatory 
and stress‑signalling pathways, includ‑
ing NF‑κB and c‑Jun N‑terminal kinase 
(JNK) as well as with oxidative stress re‑
sponse. All these may affect glucose and 
fat metabolism (126).

3.4.5. Mitochondrial and brown 
adipose tissue damage as a 
result of contaminants in the 
outdoor air

Mitochondrial damage is one of the 
key abnormalities in type 2 diabetes. 
Defective metabolism of fatty acids via 
β‑oxidation in mitochondria leads to 
the accumulation of intracellular me‑
tabolites, including CoA fatty acid, dia‑
cylglycerol and ceramides in the skeletal 
muscle and liver (127). Scientists (120) 
have established several mitochondri‑
al abnormalities in brown adipose tis‑
sue after both long‑term (> 10 months) 
and short‑term (2 months) exposure to 
PM2.5 in mice. Long‑term exposure to 
PM2.5 resulted in a visible decrease in 
the quantity of brown adipose tissue and 
a decrease in the size of mitochondria in 
the brown adipose tissue deposits. These 
changes coincided with an elevated ox‑
idative and nitrosative stress in brown 
adipose tissue. In order to better deter‑
mine brown adipose tissue damage, spe‑
cific adipocytic gene profiles of brown as 
well as white adipose tissues were eval‑
uated. Certain genes specific for brown 
adipose tissue were statistically signifi‑
cantly reduced in white adipose tissue 
after prolonged exposure to PM2.5, so 
that changes in brown fat are probably 
due to reduced metabolism after expo‑
sure to PM2.5.
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3.4.6. Sample recognition 
receptors(PRR)TLR and NLR as 
sensors for exposure to PM of 
different sizes

It is known that pattern recognition 
receptors, such as TLR and NLR, play an 
important role in the diet‑induced in‑
sulin resistance. Scientists have demon‑
strated in animal models and in humans 
that a large number of ligands, such as 
saturated fatty acids, lipopolysacharide 
(LPS) and ceramide, play a key role in 
obesity and insulin resistance (128). The 
bronchial epithelial cells are the main 
first cellular sensor for PM, widely ex‑
pressing TLR and NLR. TLR can be acti‑
vated directly by biological components, 
which are intrinsic in the exposure to PM 

of different sizes, such as LPS, peptides 
and gas pollutants such as O3 (119,129). 
Although the LPS level is lower in PM2.5 
than in PM10, data show the association 
of these components with insulin resis‑
tance (129). In a recent study of Suna 
et al. (130) in the urban population of 
Beijing, the results of a multivariate 
correlation analysis standardised for a 
majority of confounding risk factors, in‑
cluding CRP, have shown LPS‑binding 
protein (LPB) to be an important trigger‑
ing factor for the development of type 2 
diabetes mellitus. Plasma LPB is a better 
substitute than LPS, and recent studies 
have found that it can serve as an indi‑
cator of inflammatory changes as it acti‑
vates the innate immune response (131).
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Figure 4: The effects of outdoor air pollutants on the immune system, adipose tissue, 
muscles, liver and brain. M1 - classically activated macrophages; M2 - alternatively activated 
macrophages; Th1 – T helper type 1 cells; Th2 – T helper type 2 cells; GLUT 4 - Type 4 glucose 
transporter.
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3.4.7. Central nervous system 
mechanisms and metabolic 
disorder

Recent studies report inflammation 
in the key areas of the hypothalamus 
as a mediator in the peripheral defects 
in glucose homeostasis and energy im‑
balance. Thaler et al. (132) studied hypo‑
thalamic inflammation as evidence of 
signal‑enhanced regulation of IL‑6 and 
NF‑κB very much ahead of the onset of 
overweight gain. Furthermore, the ex‑
periment revealed reactive gliosis and 
markers indicating neuronal damage 
that was present in the hypothalamic 
arcuate nucleus in the first week follow‑
ing a high‑fat diet (132). Other investiga‑
tors (133) established an important role 
of hypothalamic ER in the induction of 
peripheral inflammation and glucose 
imbalance. Disruption of ER‑stress with 
tauroursodeoxycholic acid (TUDCA) 
partially repaired obesity‑dependent 
metabolic impairment and hyperten‑
sion‑associated impairment. The acute 
activation of NF‑κB proinflammatory 
protein and its IκB kinase‑β (IKK‑β) ac‑
tivator in the mediobasal hypothalamus, 
the region rich in proopiomelanocortin 
(POMC) containing neurons, has been 
proven to rapidly increase blood pressure 
in mice, irrespective of obesity (133). PM 
of different sizes has been proven to en‑
ter the CNS directly through the translo‑
cation along the olfactory nerve into the 
olfactory bulb (134). In addition, PM2.5 
and/or exposure to O3 directly affect va‑
gal afferent endings, which may play an 
important role in the regulatory path‑
ways that mediate blood pressure and 
peripheral inflammatory response (135). 
It has already been stated that outdoor air 
pollutants cause inflammation, oxidative 
stress and pathological changes in the 
CNS, which lead to pathological chang‑
es, such as reactive gliosis (11). Scientists 
have shown that prolonged exposure to 

PM2.5 that lasts more than 10 months in‑
creases the hippocampal expression of 
proinflammatory cytokines, and affects 
memory impairment of spatial learning 
and behaviour (134).

Figure 4 presents a systematic review 
of pathophysiological ways in which 
outdoor air pollutants affect metabolism 
and insulin resistance.

3.5. Brief recommendations 
regarding outdoor air pollution 
proposed by Künzli and co-
workers

People spend most of their time in‑
doors. In the absence of indoor pollutant 
sources (fireplaces, gas cookers, tobacco 
smoke), the levels of contaminants in 
the indoor air depend significantly on 
the quality of the outdoor air. The con‑
centrations of highly reactive gases, such 
as O3, are considerably lower indoors. 
Thus practices like not opening windows 
during rush hour and when O3 concen‑
trations are high, may contribute signifi‑
cantly towards improving the quality of 
indoor air. Concentrations of some air 
pollutants are lower in air‑conditioned 
rooms, such as modern offices and pub‑
lic indoor premises. On the other hand, 
air‑conditioning consumes a lot of en‑
ergy and thus contributes to increase 
in the level of outdoor air pollution, de‑
pending on the mode of energy genera‑
tion. It is questionable whether patients, 
particularly those with respiratory con‑
ditions, should invest in the purchase of 
indoor air filters. While high‑efficiency 
air filters actually lower the concentra‑
tion of dust particles in an experimental 
indoor environment, few studies have 
confirmed that the use of such filters has 
improved the health situation in real‑life 
conditions. The potential benefits should 
not be ignored, but we must weigh them 
against the price, energy consumption, 
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the noise emitted by the device, and the 
relevance of exposure relative to the time 
spent at other locations. People should be 
warned before purchasing air filters that 
produce O3 or other gases with known 
adverse effects on health (137).

3.5.1. Adjusting the individual’s 
exposure or changing the dose

In the coming years, air pollution will 
remain a reality, so that various adverse 
effects on health will be inevitable. In the 
light of these facts, people will become 
interested in the endeavours for reduc‑
ing their exposure or dose despite the 
poor air quality. Personal exposure and 
dose depend on the location and time of 
the activity (137).

3.5.2. Local factors
People living at a distance of 50–

100 m from a road with dense traffic 
are faced with much higher exposure to 
traffic‑related pollutants. Health risk is 
significantly dependent on the distance 
from the road, traffic density and traf‑
fic characteristics (stop‑and‑go, up or 
down, diesel trucks / buses), as well as 
on the city structure and meteorological 
characteristics (e.g. wind direction and 
speed). Concentrations of primary pol‑
lutants resulting from transport are di‑
luted in the vicinity of several hundred 
meters. They are also lower on the up‑
per floors of modern high‑rise buildings 
than in the ground floors (137).

Thus, patients and young families 
have the opportunity to choose a health‑
ier option, provided that they have ac‑
cess to appropriate counselling. Since 
individuals cannot directly influence the 
level of outdoor air pollutants, and when 
relocation is not possible, they still have 
the option of deciding where to spend 
time.

Walking along the roads with dense 
traffic results in much higher exposure 

than walking on nearby roads where 
traffic is less dense or non‑existent (pe‑
destrian zone). People should be advised 
that rather than running along highways 
and roads with dense traffic they should 
use roads with less dense traffic where 
there is a lower level of air pollution. 
Also, kindergartens, schools and sports 
parks or playgrounds should not be built 
in close vicinity of major roads with 
dense traffic (137).

3.5.3. The factors of time and 
activities

Concentrations of many air pollut‑
ants in the environment show a typical 
daily trend with high pollution during 
rush hour or with peak oxidant values 
(summer smog) in the afternoon and 
early evening hours. Doses of pollut‑
ants reaching the target organs increase 
with physical activity. Consequently, the 
dose and exposure are influenced by 
the choice of time and the level of ac‑
tivity. Thus, during the summer smog, 
prolonged outdoor activities, such as 
football and other long‑lasting events, 
should be carried out in the morning. 
It is recommended that during high PM 
contamination, rather than outdoors, 
sports events should be organised in in‑
door gymnasiums, halls etc.

In extreme air pollution, people can 
wear masks, which however do not pro‑
vide 100 % protection against air pollu‑
tion exposure. The exposure to PM, and 
in particular UFP and PM10 as well as 
to dust can be reduced to some extent. 
However, the long‑term health effects of 
wearing mask have not yet been investi‑
gated. Some studies have shown that in 
occupational exposure, the choice of the 
correct mask size rather than the filter is 
important (137).
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4. Conclusion

Polluted outdoor air is still one of the 
main risk factors for chronic diseases 
and mortality, and thus one of the ma‑
jor public health concerns. Due to the 
presence of various outdoor air pollut‑
ants and their long‑range spread, it is a 
global problem and, in addition to cli‑
mate change and environmental protec‑
tion, it is becoming a major topic in the 

area of public health and environment. 
Much has already been done to clarify 
the pathophysiological mechanisms in‑
volved in the effects on human health, 
however there are many mechanisms 
that still remain to be explained. It is 
very important to provide credible ex‑
planations of mechanisms to assist pol‑
icy‑makers in preparing evidence‑based 
measures.

References
1. Faostioi A, Staooggia M, Colais P, berti G, bisaoti L, Cadom E, et al. EpiAir Collaborative Groop. Air pollotioo 

aod moltiple acote respiratory ootcomes. Eor Respir J. 2013 Aog;42(2):304–13.
2. Raaschoo-Nielseo O, Aoderseo ZJ, beeleo R, Samoli E, Staooggia M, Weiomayr G, et al. Air pollotioo aod 

loog caocer iocideoce io 17 Eoropeao cohorts: prospective aoalyses orom the Eoropeao Stody oo Cohorts 
oor Air Pollotioo Efects (ESCAPE). Laocet Oocol. 2013 Aog;14(9):813–22.

3. Pope CA 3rd, boroett RT, Thoo MJ, Calle EE, Krewski D, Ito K, et al. Loog caocer, cardiopolmooary mortality, 
aod loog-term exposore to oioe particolate air pollotioo. JAMA. 2002 Mar;287(9):1132–41.

4. Nishimora KK, Galaoter JM, Roth LA, Oh SS, Thakor N, Ngoyeo EA, et al. Early-lioe air pollotioo aod asthma 
risk io mioority childreo. The GALA II aod SAGE II stodies. Am J Respir Crit Care Med. 2013 Aog;188(3):309–18.

5. Global l Ioitiative oor Chrooic Obstroctive Loog Disease [2014]. Available orom: http://www.goldcopd.org.
6. Yamamoto SS, Phalkey R, Malik AA. A systematic review oo air pollotioo as a risk oactor oor cardiovascolar 

disease io Sooth Asia: limited evideoce orom Iodia aod Pakistao. Iot J Hyg Eoviroo Health. 2014 Mar;217(2–
3):133–44.

7. brocker N, Charão MF, Moro AM, Ferrari P, bobols G, Saoer E, et al. Atherosclerotic process io taxi drivers 
occopatiooally exposed to air pollotioo aod co-morbidities. Eoviroo Res. 2014 May;131:31–8.

8. Foraster M, basagaña X, Agoilera I, Rivera M, Agis D, booso L, et al. Associatioo oo loog-term exposore to 
trafic-related air pollotioo with blood pressore aod hyperteosioo io ao adolt popolatioo-based cohort io 
Spaio (the REGICOR stody). Eoviroo Health Perspect. 2014 Apr;122(4):404–11.

9. Doog GH, Qiao ZM, Xaverios PK, Trevathao E, Maalooo S, Parker J, et al. Associatioo betweeo loog-term air 
pollotioo aod iocreased blood pressore aod hyperteosioo io Chioa. Hyperteosioo. 2013 Mar;61(3):578–84.

10. Wo S, Deog F, Hoaog J, Waog H, Shima M, Waog X, et al. blood pressore chaoges aod chemical coostitoeots 
oo particolate air pollotioo: resolts orom the healthy volooteer oatoral relocatioo (HVNR) stody. Eoviroo He-
alth Perspect. 2013 Jao;121(1):66–72.

11. block ML, Calderóo-Garcidoeñas L. Air pollotioo: mechaoisms oo oeoroioolammatioo aod CNS disease. 
Treods Neorosci. 2009 Sep;32(9):506–16.

12. Craig L, brook R, Chiotti Q, et al. Air pollotioo aod poblic health: a goidaoce docomeot oor risk maoagers. 
Jooroal oo Toxicology aod Eoviroomeotal health. 2008;(71)9,10:588–698.

13. brook RD, Jerrett M, brook JR, bard RL, Fiokelsteio MM. The relatiooship betweeo diabetes mellitos aod 
trafic-related air pollotioo. J Occop Eoviroo Med. 2008 Jao;50(1):32–8.

14. Krämer U, Herder C, Sogiri D, Strassborger K, Schikowski T, Raoft U, et al. Trafic-related air pollotioo aod io-
cideot type 2 diabetes: resolts orom the SALIA cohort stody. Eoviroo Health Perspect. 2010 Sep;118(9):1273–9.

15. World Health Orgaoizatioo. WHO Air qoality goidelioes oor PM, ozooe, oitrogeo dioxide aod soloor dioxide. 
Global opdate 2005. Sommary oo risk assessmeot [Ioteroet]. Geoeva: WHO; 2006 [2017 May14]. Available 
orom: http://whqlibdoc.who.iot/hq/2006/WHO_SDE_PHE_OEH_06.02_eog.pdo?oa=1.

16. World Health Orgaoizatioo. Media ceotre. Ambieot (ootdoor) air qoality aod health. Fact sheet. Geoeva: 
WHO [2017 Apr 14]. Available orom: http://www.who.iot/mediaceotre/oactsheets/os313/eo/.

17. Evropska Ageocija za Okolje. Kakovost zraka v zaprtih prostorih, 2016[2017 May 4]. Available orom: http://
www.eea.eoropa.eo/sl/eea-sigoali/sigoali-2013/claoki/kakovost-zraka-v-zaprtih-prostorih.

18. Mazzoli-Rocha F, Feroaodes S, Eioicker-Lamas M, Zio WA. Roles oo oxidative stress io sigoaliog aod io-
olammatioo iodoced by PM. Cell biol Toxicol. 2010 Oct;26(5):481–98.

19. Nemmar A, Hoet PH, Vaoqoickeoboroe b, Diosdale D, Thomeer M, Hoylaerts MF, et al. Passage oo iohaled 
particles ioto the blood circolatioo io homaos. Circolatioo. 2002 Jao;105(4):411–4.

20. Choaog GC, Yaog Z, Westbrook DG, Pompilios M, ballioger CA, White CR, et al. Polmooary ozooe exposore 
iodoces vascolar dysoooctioo, mitochoodrial damage, aod atherogeoesis. Am J Physiol Loog Cell Mol 
Physiol. 2009 Aog;297(2):L209–16.



20 – oolioe editioo Zdrav Vesto | March – April 2018 | Volome 87

PUbLIC HEALTH (OCCUPATIONAL MEDICINE)

21. Waog Xb, Jio HF, Taog CS, Do Jb. The biological efect oo eodogeooos soloor dioxide io the cardiovascolar 
system. Eor J Pharmacol. 2011 Nov;670(1):1–6.

22. brook RD, Rajagopalao S, Pope CA 3rd, brook JR, bhatoagar A, Diez-Roox AV, et al. Americao Heart Asso-
ciatioo Cooocil oo Epidemiology aod Preveotioo, Cooocil oo the Kidoey io Cardiovascolar Disease, aod 
Cooocil oo Notritioo, Physical Activity aod Metabolism. PM air pollotioo aod cardiovascolar disease: ao op-
date to the scieotioic statemeot orom the Americao Heart Associatioo. Circolatioo. 2010 Joo;121(21):2331–78.

23. Dotta A, Ray MR, baoerjee A. Systemic ioolammatory chaoges aod iocreased oxidative stress io roral Iodiao 
womeo cookiog with biomass ooels. Toxicol Appl Pharmacol. 2012 Joo;261(3):255–62.

24. Ghio AJ, Devlio Rb. Ioolammatory loog iojory after broochial iostillatioo oo air pollotioo particles. Am J Re-
spir Crit Care Med. 2001 Aog;164(4):704–8.

25. Dooaldsoo K, Stooe V, borm PJ, Jimeoez LA, Gilmoor PS, Schios RP, et al. Oxidative stress aod calciom sigoa-
liog io the adverse efects oo eoviroomeotal particles (PM10). Free Radic biol Med. 2003 Joo;34(11):1369–82.

26. WHO. Air qoality goidelioes global opdate 2005. Particolate metter, ozooe, oitrogeo dioxid aod soloor di-
oxide. Deomark: World Health Orgaoisatioo Regiooal Ofice oor Evrope, 2006 [2015 Apr 6]. Available orom: 
http://www.who.iot/phe/health_topics/ootdoorair/ootdoorair_aqg/eo/.

27. broce N, Perez-Padilla R, Albalak R. The health efects oo iodoor air pollotioo exposore io developiog cooo-
tries. Geoeva. World Health orgaoisatioo; 2002. pg. 11.

28. Grigg J. Efect oo biomass smoke oo polmooary host deoeoce mechaoisms. Paediatr Respir Rev. 2007 
Dec;8(4):287–91.

29. Nemmar A, Vaobilloeo H, Hoylaerts MF, Hoet PH, Verbroggeo A, Nemery b. Passage oo iotratracheally io-
stilled oltraoioe particles orom the loog ioto the systemic circolatioo io hamster. Am J Respir Crit Care Med. 
2001 Nov;164(9):1665–8.

30. Lio L, Pooo R, Cheo L, Frescora AM, Mootoschi P, Ciabattooi G, et al. Acote efects oo air pollotioo oo polmo-
oary oooctioo, airway ioolammatioo, aod oxidative stress io asthmatic childreo. Eoviroo Health Perspect. 
2009 Apr;117(4):668–74.

31. Perzaoowski MS, Chew GL, Divjao A, Joog KH, Ridder R, Taog D, et al. Early-lioe cockroach allergeo aod 
polycyclic aromatic hydrocarboo exposores predict cockroach seositizatioo amoog iooer-city childreo. J 
Allergy Clio Immoool. 2013 Mar;131(3):886–93.

32. Mittal M, Siddiqoi MR, Trao K, Reddy SP, Malik Ab. Reactive oxygeo species io ioolammatioo aod tissoe iojo-
ry. Aotioxid Redox Sigoal. 2014 Mar;20(7):1126–67.

33. Patel MM, Chillrod SN, Deepti KC, Ross JM, Kiooey PL. Trafic-related air pollotaots aod exhaled markers 
oo airway ioolammatioo aod oxidative stress io New York City adolesceots. Eoviroo Res. 2013 Feb;121:71–8.

34. Diaz-Saochez D, Tsieo A, Flemiog J, Saxoo A. Combioed diesel exhaost particolate aod ragweed allergeo 
challeoge markedly eohaoces homao in vivo oasal ragweed-specioic IgE aod skews cytokioe prodoctioo to 
a T helper cell 2-type pattero. J Immoool. 1997 Mar;158(5):2406–13.

35. Diaz-Saochez D. The role oo diesel exhaost particles aod their associated polyaromatic hydrocarboos io the 
iodoctioo oo allergic airway disease. Allergy. 1997;52(38 Soppl):52–6.

36. Diaz-Saochez D, Peoichet-Garcia M, Saxoo A. Diesel exhaost particles directly iodoce activated mast 
cells to degraoolate aod iocrease histamioe levels aod symptom severity. J Allergy Clio Immoool. 2000 
Dec;106(6):1140–6.

37. vao Zijverdeo M, Graoom b. Adjovaot activity oo particolate pollotaots io difereot moose models. Toxico-
logy. 2000 Nov;152(1–3):69–77.

38. Taylor A, Verhageo J, Akdis CA, Akdis M. T regolatory cells aod allergy. Microbes Iooect. 2005 Joo;7(7–
8):1049–55.

39. Nadeao K, McDooald-Hymao C, Noth EM, Pratt b, Hammood SK, balmes J, et al. Ambieot air pollotioo im-
pairs regolatory T-cell oooctioo io asthma. J Allergy Clio Immoool. 2010 Oct;126(4):845–852.e10.

40. Koppelmao GH, Nawijo MC. Receot advaoces io the epigeoetics aod geoomics oo asthma. Corr Opio Allergy 
Clio Immoool. 2011 Oct;11(5):414–9.

41. Holloway JW, Savarimotho Fraocis S, Foog KM, Yaog IA. Geoomics aod the respiratory efects oo air polloti-
oo exposore. Respirology. 2012 May;17(4):590–600.

42. Carlsteo C, Meléo E. Air pollotioo, geoetics, aod allergy: ao opdate. Corr Opio Allergy Clio Immoool. 2012 
Oct;12(5):455–60.

43. Erridge C. Eodogeooos ligaods oo TLR2 aod TLR4: agooists or assistaots? J Leokoc biol. 2010 Joo;87(6):989–
99.

44. becker S, Dailey L, Sookop JM, Silbajoris R, Devlio Rb. TLR-2 is iovolved io airway epithelial cell respoose to 
air pollotioo particles. Toxicol Appl Pharmacol. 2005 Feb;203(1):45–52.

45. becker S, Feotoo MJ, Sookop JM. Iovolvemeot oo microbial compooeots aod toll-like receptors 2 aod 4 io 
cytokioe respooses to air pollotioo particles. Am J Respir Cell Mol biol. 2002 Nov;27(5):611–8.

46. Aoerbach A, Heroaodez ML. The efect oo eoviroomeotal oxidative stress oo airway ioolammatioo. Corr Opio 
Allergy Clio Immoool. 2012 Apr;12(2):133–9.

47. Holliogsworth JW, Marooka S, Li Z, Potts EN, brass DM, Garaotziotis S, et al. Ambieot ozooe primes polmo-
oary iooate immooity io mice. J Immoool. 2007 Oct;179(7):4367–75.

48. Williams AS, Leoog SY, Nath P, Khorasaoi NM, bhavsar P, Issa R, et al. Role oo TLR2, TLR4, aod MyD88 
io morioe ozooe-iodoced airway hyperrespoosiveoess aod oeotrophilia. J Appl Physiol (1985). 2007 
Oct;103(4):1189–95.



The adverse pathophysiological efects oo ootdoor air pollotioo oolioe editioo – 21

Review aRticle

49. Kerkhoo M, Postma DS, brooekreeo b, Reijmeriok NE, Wijga AH, de Joogste JC, et al. Toll-like receptor 2 
aod 4 geoes iooloeoce sosceptibility to adverse efects oo trafic-related air pollotioo oo childhood asthma. 
Thorax. 2010 Aog;65(8):690–7.

50. bolaod S, baeza-Sqoibao A, Fooroier T, Hoocioe O, Geodroo MC, Chévrier M, et al. Diesel exhaost particles 
are takeo op by homao airway epithelial cells in vitro aod alter cytokioe prodoctioo. Am J Physiol. 1999 
Apr;276(4 Pt 1):L604–13.

51. Fojii T, Hayashi S, Hogg JC, Mokae H, Sowa T, Goto Y, et al. Ioteractioo oo alveolar macrophages aod airway 
epithelial cells oollowiog exposore to PM prodoces mediators that stimolate the booe marrow. Am J Respir 
Cell Mol biol. 2002 Jol;27(1):34–41.

52. becher R, bocht A, Øvrevik J, Hoogslo JK, Dahlmao HJ, Samoelseo JT, et al. Iovolvemeot oo NADPH oxidase 
aod iNOS io rodeot polmooary cytokioe respooses to orbao air aod mioeral particles. Iohal Toxicol. 2007 
Joo;19(8):645–55.

53. Qoay JL, Reed W, Samet J, Devlio Rb. Air pollotioo particles iodoce IL-6 geoe expressioo io homao airway 
epithelial cells via NF-kappab activatioo. Am J Respir Cell Mol biol. 1998 Jol;19(1):98–106.

54. Shokla A, Timblio C, berobe K, Gordoo T, McKiooey W, Driscoll K, et al. Iohaled PM caoses expressioo oo oo-
clear oactor (NF)-kappab-related geoes aod oxidaot-depeodeot NF-kappab activatioo io vitro. Am J Respir 
Cell Mol biol. 2000 Aog;23(2):182–7.

55. Tamagawa E, bai N, Morimoto K, Gray C, Moi T, Yatera K, et al. PM exposore iodoces persisteot loog io-
olammatioo aod eodothelial dysoooctioo. Americao Jooroal oo Physiology. 2008 Jol;295(1):L79-85.

56. Töroqvist H, Mills NL, Goozalez M, Miller MR, Robiosoo SD, Megsoo IL, et al. Persisteot eodothelial dysooocti-
oo io homaos after diesel exhaost iohalatioo. Am J Respir Crit Care Med. 2007 Aog;176(4):395–400.

57. Vao Edeo SF, Tao WC, Sowa T, Mokae H, Terashima T, Fojii T, et al. et al. Cytokioes iovolved io systematic 
ioolammatory respoose iodoced by exposore to particolat matter air pollotaots (PM (10)). A. J Respir. Crit 
Care Med. 2001;164(5):826–30.

58. Goog H Jr, Lioo WS, Terrell SL, Aodersoo KR, Clark KW, Siootas C, et al. Exposores oo elderly volooteers with 
aod withoot chrooic obstroctive polmooary disease (COPD) to cooceotrated ambieot oioe particolate pol-
lotioo. Iohal Toxicol. 2004 Oct-Nov;16(11–12):731–44.

59. Ghio AJ, Hall A, bassett MA, Cascio WE, Devlio Rb. Exposore to cooceotrated ambieot air particles alters 
hematologic iodices io homaos. Iohal Toxicol. 2003 Dec;15(14):1465–78.

60. Framptoo MW, Stewart JC, Oberdörster G, Morrow PE, Chalopa D, Pietropaoli AP, et al. Iohalatioo oo oltraoi-
oe particles alters blood leokocyte expressioo oo adhesioo molecoles io homaos. Eoviroo Health Perspect. 
2006 Jao;114(1):51–8.

61. Gold DR, Mittlemao MA. New iosights ioto pollotioo aod the cardiovascolar system: 2010 to 2012. Circolati-
oo. 2013 May;127(18):1903–13.

62. Peters A, Verooesi b, Calderóo-Garcidoeñas L, Gehr P, Cheo LC, Geiser M, et al. Traoslocatioo aod poteotial 
oeorological efects oo oioe aod oltraoioe particles a critical opdate. Part Fibre Toxicol. 2006 Sep;3(1):13.

63. L Hoo, Zho Z Z, Zhaog X, Nordio F, boozioi M, Schwartz J, et al. Airboroe PM aod mitochoodrial damage: a 
cross-sectiooal stody. Eoviroomeotal Health A. 2010;9: article 48.

64. Higgios GC, beart PM, Shio YS, Cheo MJ, Cheoog NS, Nagley P. Oxidative stress: emergiog mitochoodrial 
aod cellolar themes aod variatioos io oeorooal iojory. J Alzheimers Dis. 2010;20(20 Soppl 2):S453–73.

65. Orreoios S, Nicotera P, Zhivotovsky b. Cell death mechaoisms aod their implicatioos io toxicology. Toxicol 
Sci. 2011 Jao;119(1):3–19.

66. Martiooo F, Glimcher LH. Regolatioo oo iooate immooity by sigoaliog pathways emergiog orom the eodo-
plasmic reticolom. Corr Opio Immoool. 2011 Feb;23(1):35–40.

67. Laiog S, Waog G, briazova T, Zhaog C, Waog A, Zheog Z, et al. Airboroa particolatze matter selectively activa-
tes eodoplasmatic reticolom stress respoose io the loog aod liver tissoe. Am J Physiol. 2010;4(299):736–49.

68. Wattersoo TL, Hamiltoo b, Martio R, Coolombe RA Jr. Urbao PM caoses ER stress aod the oooolded proteio 
respoose io homao loog cells. Toxicol Sci. 2009 Nov;112(1):111–22.

69. Joog EJ, Avliyakolov NK, boootheoog P, Loo JA, Nel AE. Pro-oxidative DEP chemicals iodoce heat shock pro-
teios aod ao ooooldiog proteio respoose io a broochial epithelial cell lioe as determioed by DIGE aoalysis. 
Proteomics. 2007 Nov;7(21):3906–18.

70. WHO. Systemic review oo air pollotioo, a glaobal opdate. 2006.
71. Pope CA 3rd, Dockery DW. Health efects oo oioe particolate air pollotioo: lioes that coooect. J Air Waste 

Maoag Assoc. 2006 Joo;56(6):709–42.
72. brooekreeo b, Holgate ST. Air pollotioo aod health. Laocet. 2002 Oct;360(9341):1233–42.
73. Coooiogham C, Campioo S, Looooo K, Morray CL, Woods JF, Deacoo RM, et al. Systemic ioolammatioo io-

doces acote behavioral aod cogoitive chaoges aod accelerates oeorodegeoerative disease. biol Psychiatry. 
2009 Feb;65(4):304–12.

74. Daotzer R, O’Coooor JC, Freood GG, Johosoo RW, Kelley KW. From ioolammatioo to sickoess aod depressi-
oo: wheo the immooe system sobjogates the braio. Nat Rev Neorosci. 2008 Jao;9(1):46–56.

75. Lagrish J P, Uoossoo J, bossoo J, barath S, Moala A, blackwell S, et al. Altered oitriic oxide bioavailabili-
ty cootribotes to disel exhaost iohalatioo-iodoced cardiovascolar dysoooctioo io mao. J Am Heart Assoc. 
2013;2: e004309.

76. Lockiog AJ, Loodbäck M, barath SL, Mills NL, Sidho MK, Laogrish JP, et al. Particle traps preveot adver-
se vascolar aod prothrombotic efects oo diesel eogioe exhaost iohalatioo io meo. Circolatioo. 2011 
Apr;123(16):1721–8.



22 – oolioe editioo Zdrav Vesto | March – April 2018 | Volome 87

PUbLIC HEALTH (OCCUPATIONAL MEDICINE)

77. brook RD, bard RL, Morishita M, Dvooch JT, Waog L, Yaog HY, et al. Hemodyoamic, aotooomic, aod vas-
colar efects oo exposore to coarse PM air pollotioo orom a roral locatioo. Eoviroo Health Perspect. 2014 
Joo;122(6):624–30.

78. Paioschab MS, Davila-Romao VG, Gilmao RH, Vasqoez-Villar AD, Pollard SL, Wise RA, et al. CRONICAS Cohort 
Stody Groop. Chrooic exposore to biomass ooel is associated with iocreased carotid artery iotima-media 
thickoess aod a higher prevaleoce oo atherosclerotic plaqoe. Heart. 2013 Jol;99(14):984–91.

79. Schwartz J, Alexeef SE, Mordokhovich I, Gryparis A, Vokooas P, Soh H, et al. Associatioo betweeo loog-term 
exposore to trafic particles aod blood pressore io the Veteraos Admioistratioo Normative Agiog Stody. 
Occop Eoviroo Med. 2012 Joo;69(6):422–7.

80. Cheo H, boroett RT, Kwoog JC, Villeoeove PJ, Goldberg MS, brook RD, et al. Spatial associatioo betweeo 
ambieot oioe PM aod iocideot hyperteosioo. Circolatioo. 2014 Feb;129(5):562–9.

81. Foks Kb, Weiomayr G, Foraster M, Dratva J, Hampel R, Hoothoijs D, et al. Arterial blood pressore aod loog-
-term exposore to trafic-related air pollotioo: ao aoalysis io the Eoropeao Stody oo Cohorts oor Air Pollotioo 
Efects (ESCAPE). Eoviroo Health Perspect. 2014 Sep;122(9):896–905.

82. Tsai DH, Riediker M, Woerzoer G, Maillard M, Marqoes-Vidal P, Paccaod F, et al. Short-term iocrease io 
PM bloots ooctoroal blood pressore dippiog aod daytime orioary sodiom excretioo. Hyperteosioo. 2012 
Oct;60(4):1061–9.

83. Jacobs L, Emmerechts J, Hoylaerts MF, Mathieo C, Hoet PH, Nemery b, et al. Trafic air pollotioo aod oxidi-
zed LDL. PLoS Ooe. 2011 Jao;6(1):e16200.

84. Fraochioi M, Maooocci PM. Thrombogeoicity aod cardiovascolar efects oo ambieot air pollotioo. blood. 
2011 Sep;118(9):2405–12.

85. Kilioç E, Scholz H, Koiper GJ, Sprook HM, Teo Cate H, Upadhyay S, et al. The procoagolaot efects oo oioe PM 
io vivo. Part Fibre Toxicol. 2011 Mar;8(1):12.

86. Taraotioi L, boozioi M, Tripodi A, Aogelici L, Nordio F, Caotooe L, et al. blood hypomethylatioo oo ioolamma-
tory geoes mediates the efects oo metal-rich airboroe pollotaots oo blood coagolatioo. Occop Eoviroo 
Med. 2013 Joo;70(6):418–25.

87. Pieters N, Plosqoio M, Cox b, Kicioski M, Vaogroosveld J, Nawrot TS. Ao epidemiological appraisal oo 
the associatioo betweeo heart rate variability aod particolate air pollotioo: a meta-aoalysis. Heart. 2012 
Aog;98(15):1127–35.

88. Marchioi T, Magoaoi N, D’Aoooozio V, Tasat D, Gelpi RJ, Alvarez S, et al. Impaired cardiac mitochoodrial 
oooctioo aod cootractile reserve oollowiog ao acote exposore to eoviroomeotal PM. biochim biophys Acta. 
2013 Mar;1830(3):2545–52.

89. Elbaz A, Moisao F. Update io the epidemiology oo Parkiosoo’s disease. Corr Opio Neorol. 2008 Aog;21(4):454–
60.

90. Laoer K. Eoviroomeotal risk oactors io moltiple sclerosis. Expert Rev Neorother. 2010 Mar;10(3):421–40.
91. Mateeo FJ, brook RD. Air pollotioo as ao emergiog global risk oactor oor stroke. JAMA. 2011 Mar;305(12):1240–1.
92. MohaoKomar SM, Campbell A, block M, Verooesi b. PM, oxidative stress aod oeorotoxicity. Neorotoxicology. 

2008 May;29(3):479–88.
93. Chakraborty S, Kaoshik DK, Gopta M, baso A. Ioolammasome sigoaliog at the heart oo ceotral oervoos 

system pathology. J Neorosci Res. 2010 Joo;88(8):1615–31.
94. baoerooeiod F, Ablasser A, bartok E, Kim S, Schmid-borgk J, Cavlar T, et al. Ioolammasomes: correot oo-

derstaodiog aod opeo qoestioos. Cell Mol Lioe Sci. 2011 Mar;68(5):765–83.
95. Halle A, Horooog V, Petzold GC, Stewart CR, Mooks bG, Reioheckel T, et al. The NALP3 ioolammasome is 

iovolved io the iooate immooe respoose to amyloid-β. Nat Immoool. 2008 Aog;9(8):857–65.
96. Treodeleoborg G. Acote oeorodegeoeratioo aod the ioolammasome: ceotral processor oor daoger sigoals 

aod the ioolammatioo respoose. 2008; (28)5:867–881. https://doi.org/10.1038/sj.jcbom.9600609.
97. Teeliog JL, Perry VH. Systemic iooectioo aod ioolammatioo io acote CNS iojory aod chrooic oeorodegeoera-

tioo: ooderlyiog mechaoisms. Neoroscieoce. 2009 Feb;158(3):1062–73.
98. Tracey KJ. Reolex cootrol oo immooity. Nat Rev Immoool. 2009 Joo;9(6):418–28.
99. Calderóo-Garcidoeñas L, Solt AC, Heoríqoez-Roldáo C, Torres-Jardóo R, Nose b, Herritt L, et al. Loog-

-term air pollotioo exposore is associated with oeoroioolammatioo, ao altered iooate immooe respoose, 
disroptioo oo the blood-braio barrier, oltraoioe particolate depositioo, aod accomolatioo oo amyloid β-42 
aod α-syoocleio io childreo aod yooog adolts. Toxicol Pathol. 2008 Feb;36(2):289–310.

100. Calderóo-Garcidoeñas L, Mora-Tiscareño A, Ootiveros E, Gómez-Garza G, barragáo-Mejía G, broadway J, 
et al. Air pollotioo, cogoitive deoicits aod braio aboormalities: a pilot stody with childreo aod dogs. braio 
Cogo. 2008 Nov;68(2):117–27.

101. Møller P, Jacobseo NR, Folkmaoo JK, Daoielseo PH, Mikkelseo L, Hemmiogseo JG, et al. Role oo oxidative 
damage io toxicity oo particolates. Free Radic Res. 2010 Jao;44(1):1–46.

102. Møller P, Loft S. Oxidative damage to DNA aod lipids as biomarkers oo exposore to air pollotioo. Eoviroo 
Health Perspect. 2010 Aog;118(8):1126–36.

103. Migliore L, Coppedè F. Eoviroomeotal-iodoced oxidative stress io oeorodegeoerative disorders aod agiog. 
Motat Res. 2009 Mar;674(1–2):73–84.

104. Jomova K, Voodrakova D, Lawsoo M, Valko M. Metals, oxidative stress aod oeorodegeoerative disorders. 
Mol Cell biochem. 2010 Dec;345(1–2):91–104.



The adverse pathophysiological efects oo ootdoor air pollotioo oolioe editioo – 23

Review aRticle

105. Feroáodez-Checa JC, Feroáodez A, Morales A, Marí M, García-Roiz C, Colell A. Oxidative stress aod altered 
mitochoodrial oooctioo io oeorodegeoerative diseases: lessoos orom moose models. CNS Neorol Disord 
Drog Targets. 2010 Aog;9(4):439–54.

106. Geiser M, Rotheo-Rotishaoser b, Kapp N, Schürch S, Kreyliog W, Scholz H, et al. Ultraoioe particles cross 
cellolar membraoes by ooophagocytic mechaoisms io loogs aod io coltored cells. Eoviroo Health Perspect. 
2005 Nov;113(11):1555–60.

107. Nel A, Xia T, Mädler L, Li N. Toxic poteotial oo materials at the oaoolevel. Scieoce. 2006 Feb;311(5761):622–7.
108. Colvio VL, Kolioowski KM. Naooparticles as catalysts oor proteio oibrillatioo. Proc Natl Acad Sci USA. 2007 

May;104(21):8679–80.
109. Liose S, Cabaleiro-Lago C, Xoe WF, Lyoch I, Liodmao S, Tholio E, et al. Nocleatioo oo proteio oibrillatioo by 

oaooparticles. Proc Natl Acad Sci USA. 2007 May;104(21):8691–6.
110. Coervo AM, Woog ES, Martioez-Viceote M. Proteio degradatioo, aggregatioo, aod misooldiog. Mov Disord. 

2010;25(25 Soppl 1):S49–54.
111. Nakamora T, Liptoo SA. Cell death: proteio misooldiog aod oeorodegeoerative diseases. Apoptosis. 2009 

Apr;14(4):455–68.
112. Sisó S, Jefrey M, Goozález L. Seosory circomveotricolar orgaos io health aod disease. Acta Neoropathol. 

2010 Dec;120(6):689–705.
113. Lewis J, beoch G, Myers O, Tiooer b, Staioes W, barr E, et al. Trigemioal optake aod clearaoce oo iohaled 

maogaoese chloride io rats aod mice. Neorotoxicology. 2005 Jao;26(1):113–23.
114. Waog J, Lio Y, Jiao F, Lao F, Li W, Go Y, et al. Time-depeodeot traoslocatioo aod poteotial impairmeot oo 

ceotral oervoos system by iotraoasally iostilled TiO(2) oaooparticles. Toxicology. 2008 Dec;254(1–2):82–90.
115. Waog b, Feog WY, Waog M, Shi JW, Zhaog F, Ooyaog H, et al. Traosport oo iotraoasally iostilled oioe Fe2O3 

particles ioto the braio: micro-distribotioo, chemical states, aod histopathological observatioo. biol Trace 
Elem Res. 2007 Sep;118(3):233–43.

116. Illom L. Is oose-to-braio traosport oo drogs io mao a reality? J Pharm Pharmacol. 2004 Jao;56(1):3–17.
117. Oberdörster G, Elder A, Rioderkoecht A. Naooparticles aod the braio: caose oor coocero? J Naoosci Naoo-

techool. 2009 Aog;9(8):4996–5007.
118. Gackière F, Saliba L, baode A, bosler O, Strobe C. Ozooe iohalatioo activates stress-respoosive regioos oo 

the CNS. J Neorochem. 2011 Joo;117(6):961–72.
119. Soo Q, Yoe P, Deioliis JA, Lomeog CN, Kamporath T, Mikolaj Mb, et al. Ambieot air pollotioo exaggerates 

adipose ioolammatioo aod iosolio resistaoce io a moose model oo diet-iodoced obesity. Circolatioo. 2009 
Feb;119(4):538–46.

120. Xo X, Lio C, Xo Z, Tzao K, Zhoog M, Waog A, et al. Loog-term exposore to ambieot oioe particolate pollotioo 
iodoces iosolio resistaoce aod mitochoodrial alteratioo io adipose tissoe. Toxicol Sci. 2011 Nov;124(1):88–98.

121. CD-Creative Diagoostic [2017 May 14]. Available orom:http://www.creative-diagoostics.com/PI3K-AKT-Si-
goaliog-Pathway.htm.

122. Yao YH, Choo CC, Lee CT, Lio JY, Cheog TJ. Eohaoced iosolio resistaoce io diet-iodoced obese rats exposed 
to oioe particles by iostillatioo. Iohal Toxicol. 2011 Aog;23(9):507–19.

123. Xo X, Yavar Z, Verdio M, Yiog Z, Mihai G, Kamporath T, et al. Efect oo early particolate air pollotioo exposore 
oo obesity io mice: role oo p47phox. Arterioscler Thromb Vasc biol. 2010 Dec;30(12):2518–27.

124. Toroer RC, Holmao RR, Matthews D, Hockaday TD, Peto J. Iosolio deoicieocy aod iosolio resistaoce iotera-
ctioo io diabetes: estimatioo oo their relative cootribotioo by oeedback aoalysis orom basal plasma iosolio 
aod glocose cooceotratioos. Metabolism. 1979 Nov;28(11):1086–96.

125. Walter P, Roo D. The oooolded proteio respoose: orom stress pathway to homeostatic regolatioo. Scieoce. 
2011 Nov;334(6059):1081–6.

126. Laiog S, Waog G, briazova T, Zhaog C, Waog A, Zheog Z, et al. Airboroe PM selectively activates eodoplasmic 
reticolom stress respoose io the loog aod liver tissoes. Am J Physiol Cell Physiol. 2010 Oct;299(4):C736–49.

127. Lowell bb, Sholmao GI. Mitochoodrial dysoooctioo aod type 2 diabetes. Scieoce. 2005 Jao;307(5708):384–7.
128. Shi H, Kokoeva MV, Ioooye K, Tzameli I, Yio H, Flier JS. TLR4 lioks iooate immooity aod oatty acid-iodoced 

iosolio resistaoce. J Clio Iovest. 2006 Nov;116(11):3015–25.
129. Li Z, Potts-Kaot EN, Garaotziotis S, Foster WM, Holliogsworth JW. Hyalorooao sigoaliog doriog ozooe-iodo-

ced loog iojory reqoiers TLR4, MyD88, aod TIRAP. PLoS Ooe. 2011;6(11):27137.
130. Soo L, Yo Z, Ye X, Zoo S, Li H, Yo D, et al. A marker oo eodotoxemia is associated with obesity aod related 

metabolic disorders io appareotly healthy Chioese. Diabetes Care. 2010 Sep;33(9):1925–32.
131. Lepper PM, Schomaoo C, Triaotaoiloo K, Rasche FM, Schoster T, Fraok H, et al. Associatioo oo lipopolysa-

ccharide-biodiog proteio aod corooary artery disease io meo. J Am Coll Cardiol. 2007 Jol;50(1):25–31.
132. Thaler JP, Yi CX, Schor EA, Goyeoet SJ, Hwaog bH, Dietrich MO, et al. Obesity is associated with hypothala-

mic iojory io rodeots aod homaos. J Clio Iovest. 2012 Jao;122(1):153–62.
133. Porkayastha S, Zhaog H, Zhaog G, Ahmed Z, Waog Y, Cai D. Neoral dysregolatioo oo peripheral iosolio actioo 

aod blood pressore by braio eodoplasmic reticolom stress. Proc Natl Acad Sci USA. 2011 Feb;108(7):2939–
44.

134. Nakaoe H. Traoslocatioo oo particles deposited io the respiratory system: a systematic review aod statistical 
aoalysis. Eoviroo Health Prev Med. 2012 Jol;17(4):263–74.

135. Oloossoo PS, Rosas-ballioa M, Levioe YA, Tracey KJ. Rethiokiog ioolammatioo: oeoral circoits io the regolati-
oo oo immooity. Immoool Rev. 2012 Jol;248(1):188–204.



24 – oolioe editioo Zdrav Vesto | March – April 2018 | Volome 87

PUbLIC HEALTH (OCCUPATIONAL MEDICINE)

136. Fookeo LK, Xo X, Weil ZM, Cheo G, Soo Q, Rajagopalao S, et al. Air pollotioo impairs cogoitioo, provokes 
depressive-like behaviors aod alters hippocampal cytokioe expressioo aod morphology. Mol Psychiatry. 
2011 Oct;16(10):987–95.

137. Küozli N, Rapp R, Perez L. breathe Cleao Air: the role oo physiciaos aod healthcare profesiooals. breathe 
(Shef). 2014;10(4):2015–9.


