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  Prefa ce      

 The health effects of air pollution were recognized after the Industrial Revolution 
with a transition to manufacturing processes that utilize fuel burning and the 
emergence of large and densely populated cities. One of the fi rst reports highlighting 
the health effects of air pollution described the experience in London in 1952 where 
increased coal burning for heat resulted in dense smog that engulfed the city (Logan 
1953, 1956). During a brief period of time, approximately 12,000 excess deaths 
were associated with increased levels of smog. This incident represents one of the 
fi rst reports linking level of ambient air pollution and excess mortality. This 
epidemiological observation contributed to the passing of the Clean Air Act in 1956 
by the Parliament of the United Kingdom, which began the process of eliminating 
the burning of coal in homes and in factories in England. Numerous scientifi c 
reports have followed supporting the notion that adverse health effects are associated 
with exposure to ambient air pollution. In an effort to protect public health and 
welfare, the US Clean Air Act was passed in 1970, which mandated setting national 
ambient air quality standards for specifi c common and widespread pollutants based 
on the latest science. Similarly the World Health Organization currently provides 
recommendations with regard to ambient air quality standards in an effort to protect 
global health and well-being. The body of literature supporting the broad health 
effects of ambient air pollution is expansive. The overall goal of this book is to 
highlight the weight of scientifi c evidence supporting our current understanding of 
the impact of air pollution on human health. 

 Air pollution is emerging as a major contributing risk factor for the global 
burden of disease. With improved control of communicable diseases and population 
shifts, recent estimates from the Global Burden of Disease Study in 2010 place air 
pollution among the leading contributing risk factors for global disease burden. 
Ambient particulate matter air pollution, household air pollution from burning 
solid fuels, and tobacco smoke are among the top ten leading risk factors for 
disease. It was estimated that ambient particulate matter pollution accounted for 
3.1 million deaths and household air pollution from solid fuels accounted for 
3.5 million deaths in 2010 (Lim et al. 2012). A recent report from the World Health 
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Organization estimated an air pollution-related global mortality of about seven 
million people in 2012. This represents one in eight of total global deaths is related 
to air pollution, and these estimates identify air pollution as the single largest 
environmental health risk factor globally ( WHO press release March 25, 2014,  
   http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/     ). This very 
high attributed mortality is, in part, based on the recognition that air pollution 
impacts cardiovascular disease. Recognition that exposure to particulate matter 
(PM) air pollution contributes to cardiovascular morbidity and mortality is 
supported by a scientifi c statement from the American Heart Association (Brook 
et al. 2004, 2010). While the health effects of air pollution were initially associated 
with pulmonary related morbidity and mortality, our current understanding of 
health impacts has considerably expanded to also include: cardiovascular, neuronal/
cognitive, cancer, infectious disease, reproductive, and developmental effects. 
Together, growing evidence support that excess mortality related to air pollution is 
primarily associated with increased risks of ischemic heart disease, stroke, chronic 
obstructive pulmonary disease (COPD), lung cancer, and respiratory infections. 

 This book begins with an introduction to the chemistry and physics of ambient 
air pollutants. Topics focus on specifi c recognized health effects of air pollution 
including: reproductive function, pregnancy/preterm birth, asthma, COPD, potential 
mechanisms of action for known carcinogens in the ambient air, diabetes/metabolic 
syndrome, cardiovascular disease, central nervous system health, and immunological 
function. Authors highlight host genetic factors that are recognized to contribute to 
physiological responses to air pollution. Air pollution clearly presents a global health 
problem and there are dedicated chapters to discuss both global health and indoor 
air pollution in developing countries. The book concludes with a discussion of 
regulatory science. There is clearly an increased awareness of health effects of air 
pollution. Authors have made a sincere attempt to include as much discussion as 
possible on the contributions of air pollution morbidity in the context of regulatory 
guidelines and incremental increase in air quality. Detailed insight into the levels of 
evidence supporting the adverse consequence of exposure to air pollution in this 
book will provide insight for readers interested in furthering their knowledge and 
potential future research directions in translating basic to epidemiological and the 
clinical research continuum and will also serve as a resource book on the impact of 
the environment on human health. 

 An expanding body of literature supports a clear recognition of air pollution as a 
major risk factor for human disease. Environmental health science is challenged by 
the fact that many common exposures can impact multiple organ systems and either 
directly or indirectly contribute to numerous disease conditions. It is our goal that 
the reader will gain appreciation for the broad health consequences of air pollution 
covered by recognized experts in each chapter of this book. Improved understanding 
of the health consequences related to air pollution will both provide insight into 
disease pathogenesis and could provide new opportunities to benefi cially impact 
human health. 

       Columbus ,  OH ,  USA      John     W.     Hollingsworth    
   Research Triangle Park ,  NC ,  USA      Srikanth S.     Nadadur        
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Chapter 1
Reactive Ambient Particles

Philip K. Hopke

1.1  Introduction

Oxidants are produced in the human body and are fundamental to life because they 
are required for many biological functions, e.g. immune system control and vascu-
lar smooth muscle function (Suzuki et al. 1997; Azzi et al. 2004). In the body, they 
also defend against environmental challenges such as unknown organisms (Kuo 
et al. 1998). However, they become damaging if too much oxidant exists by over-
production, lower depletion, inhalation, etc. (Gomes et al. 2005). They could cause 
the damage DNA and proteins (Bartold et al. 1984), lipid peroxidation, and enzymes 
oxidation (Varani et al. 1970; Chapple 1997). There are protective mechanisms such 
as antioxidants in lung fluids to protect the surface tissue from exposure to oxidants 
such as ozone in the inhaled air. Thus, it is important to have a balance between 
oxidants and antioxidants such that tissues that are damaged as a result of oxidant- 
based defenses are repaired. An imbalance leads to oxidative stress. Oxidative stress 
and the associated inflammation is hypothesized to play a major role in the manifes-
tation of adverse health effects arising from the inhalation of airborne particles.

There has been considerable work characterizing the composition of airborne 
particles across a wide geographical area (Hopke and Rosser 2006; USEPA 2009). 
However, there are much more limited results on the relationship of airborne 
 particles to the delivery of oxidants to the respiratory tract (Gurgueira et al. 2002; 
Hopke 2008). Ambient aerosol particles can represent a source of both exogenous 
and endogenous  oxidants. These oxidants are generally reactive oxygen species 
(ROS). ROS can be  constituents of the particles (exogenous) or formed by in situ 
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Institute for a Sustainable Environment, Department of Chemical  
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reactions with the particle after it is deposited in the lungs (endogenous). This chap-
ter focuses on the formation  chemistry of the oxidative species and the extent of the 
ROS associated with or formed by the presence of particles deposited in the lung.

1.2  Reactive Oxygen Species

In general, Reactive Oxygen Species (ROS) are chemical constituents with oxygen 
atoms that are highly reactive in the ambient air, can cause respiratory problems and 
produce adverse health effects in human beings. ROS has been defined to include 
oxygen-centered or related free radicals such as hydroxyl (·OH), hydroperoxyl 
(HOO·), alkoxyl (RO·) and organic peroxy (ROO·) radicals; ions such as superoxide 
O2

−( ) , hypochlorite (ClO−), peroxynitrite (ONOO−); and molecules such as hydro-
peroxides (ROOH) and organic peroxides (ROOR′).

The hydroxyl radical (OH) and hydroperoxyl radical (HO2) collectively called 
HOx are the most important and efficient oxidants in the atmosphere. HOx radicals 
are known by-products of terpene ozonolysis (Kamens et al. 1999; Weschler and 
Shields 1996). Other important free oxygen radical species formed from terpene/
ozone reactions are peroxy (ROO·) and alkoxy (RO·) radicals. ROO radicals are 
formed from reaction of alkyl (R·) radicals and O2 and RO radicals from reaction of 
two ROO radicals (Kroll and Seinfeld 2008).

A major pathway of H2O2 formation is the self-reaction of HO2 radicals 
(Finlayson-Pitts and Pitts 2000). H2O2 and hydroperoxides were reported by Li 
et al. (2002) to be formed by the ozonolysis of limonene with estimated yields rang-
ing from 1.5 to 3.2 %.

Docherty et al. (2005) demonstrated that organic peroxides were the predomi-
nant compounds contributing to secondary organic aerosol (SOA) formed from the 
reactions of monoterpenes with ozone. Organic peroxides are formed from the reac-
tions of peroxy radicals and self-reactions of large ROO· radicals.

1.3  Measurement Methods

1.3.1  Concentrations

The concentration of oxidative species is generally measured using fluorogenic 
probes. Typically a non-fluorescent species is mixed with the extract obtained from 
a particulate matter sample and the probe is oxidized to a fluorescent form. The 
resulting fluorescence intensity can then be compared to a calibration curve devel-
oped from known concentrations of a specific oxidant such as H2O2. Hasson and 
Paulson (2003) used the peroxidase enzyme catalyzed reaction of hydroperoxides 
with p-hydroxyphenylacetic acid (POHPAA) to produce a dimer that fluoresces 
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strongly under alkaline conditions at excitation and emission wavelengths of 320 
and 400 nm, respectively, to quantify particle bound ROS in urban air. Another fluo-
rescence technique is based on the oxidation of deacetylated (via NaOH) 
2′-7′-dichlorodihydrofluorescein diacetate (DCFH) in a phosphate buffer contain-
ing the radical electron acceptor, horseradish peroxidase to its fluorescent product, 
2′-7′-dichlorodihydrofluorescein (DCF) with excitation and emission wavelengths 
of 485 and 530 nm, respectively, (Hung and Wang 2001; Venkatachari et al. 2005, 
2007). Cho et al. (2005) have developed an assay for PM redox activity utilizing the 
reduction of oxygen by dithiothreitol (DTT) that serves as an electron source. 
Recently Sameenoi et al. (2013) have produced a microfluidic method to implement 
the DTT analysis that may permit it to be more widely utilized in future studies.

Fairfull-Smith and Bottle (2008) reported a kind of novel, polyaromatic, 
 profluorescent, isoindoline nitroxide synthesized probe which they described as a 
good choice for ROS detection. However, this kind of probe does not dissolve well 
in water, making it difficult to use to measure water soluble ROS. Venkatachari 
and Hopke (2008) compared the responses of DCFH-DA, POPHAA 
(p- hydroxyphenylacetic acid) and DTT (dithiothreitol) to surrogate ROS com-
pounds in ambient air.

Based on DCFH-DA, an automated ROS monitor was developed (Venkatachari 
and Hopke 2008) and a modified version was deployed in Rochester, NY to provide 
a short record of semicontinuous ROS concentrations (Wang et al. 2011). However, 
the system proved hard to operate and not practical for even research monitoring. 
Further development of this technology was performed by King and Weber (2013) 
The instrument was deployed in urban Atlanta, Georgia, USA, and at a rural site 
during various seasons (Verma et al. 2012). Concentrations from the online instru-
ment generally agreed well with those from an intensive filter measurement of 
ROS. The measured ROS concentrations made with this instrument were lower than 
reported in other studies, often below the instrument’s average detection limit 
(0.15 nmol H2O2 equivalents m−3). Mean ROS concentrations were 0.26 nmol H2O2 
equivalents m−3 at the Atlanta urban sites and 0.14 nmol H2O2 equivalents m−3 at a 
rural site. Thus, it may be possible to obtain more detailed particle-bound ROS 
concentrations, but with a considerable effort to maintain its operation.

A non-fluorescent approach has been described by Mudway et al. (2004) in 
which they assess the oxidation of synthetic human respiratory tract lining fluid 
(depletion of ascorbate and reduced glutathione). This approach has been used in 
several subsequent studies (Ayres et al. 2008; Godri et al. 2010; Strak et al. 2012). 
Although these reports term this method as determining “oxidative potential,” the 
method is really examining the presence and possible abiotic formation of ROS. The 
DTT assay can also provide similar information depending on how it is imple-
mented. However, there is also the potential for cellular processes to produce oxi-
dants and that is described in the following section.

There are very little data available on the concentrations of ROS in ambient 
PM. Hung and Wang (2001) determined the concentrations of particle-bound reac-
tive oxidative species in various size fractions for Taipei aerosols and for particles 
in vehicular exhausts. Their results are summarized in Table 1.1. Hasson and 

1 Reactive Ambient Particles
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Paulson (2003) used POPHAA to measure ambient gas- and aerosol-phase 
 hydroperoxide levels in Los Angeles, CA. The values they measured were in the 
range 0.5–3:5 ppbv, and 0–13 ng m−3, respectively. On average, about 40 % of 
aerosol- phase H2O2 was associated with fine particles.

Venkatachari et al. (2005) measured summer concentrations of ROS with DCFH 
in Rubidoux, CA while Venkatachari et al. (2007) measured winter values in 
New York City. In Rubidoux, which is on the eastern side of the L.A Basin, in close 
proximity to highway traffic, and having high sunlight intensity, leading to high PM 
concentrations and ozone production rates, it was found that the average nighttime 
ROS concentrations were comparable to average daytime concentrations. The trend 
in the average ROS concentrations showed the highest average total ROS concentra-
tions, occurring during the daytime sampling intervals, at 6.11 ± 1.39 × 10−7 M/m3 
during the early afternoon sampling interval between 12–3 PM, at 5.96 ± 1.16 × 10−7 M/
m3 during the late afternoon sampling interval between 4–7 PM, and at 
5.70 ± 0.96 × 10−7 M/m3 during the early morning sampling interval of 8–11 AM. The 
average total nighttime ROS concentrations were found to be 5.19 ± 0.83 × 10−7 M/
m3. The intensity of photochemistry was found to be a moderate factor affecting the 
formation of ROS. Smaller particles were observed to have higher ROS concentra-
tions, especially particles in the 10–56 nm range. The general magnitude of ROS 
concentrations was found to be at least an order of magnitude higher than measured 
by studies in Taipei (Hung and Wang 2001).

The ROS concentrations were relatively low, with values of the order of 10−7 M/
m3. However, they were found to be dominantly in the very fine and ultrafine parti-
cles, and therefore are capable of being deposited efficiently in the lower lung air-
ways. A similar trend in diurnal variation was found in Flushing, NY although the 
magnitudes of the average total ROS concentrations were almost an order of mag-
nitude less than the corresponding values in Rubidoux, as might be anticipated for 
winter conditions with lower sunlight intensity, lower ambient temperatures, and 
consequent lower ozone production rates.

The diurnal trends in Flushing, NY were, however, more pronounced. For the 
ambient aerosol in Flushing, the average total ROS concentrations expressed in terms 
of H2O2 concentrations were 0.919, 1.07, 0.941 and 0.845 × 10−7 M/m3 during the 
sampling intervals between 8–11 AM, 12–3 PM, 4–7 PM and 9 PM–12 AM respec-

Table 1.1 Equivalent hydrogen peroxide concentrations in aerosol particles collected in Taiwan 
(Hung and Wang 2001)

Size interval

Equivalent H2O2 concentration (nM/m3)

Sample size Range Mean SD

3.2–10 (coarse) (μm) 32 0.006–0.138 0.064 0.033
1–3.2 (fine) 31 0.016–0.146 0.058 0.040
0.18–1 (very fine) 32 0.043–0.991 0.322 0.249
<0:18 (ultrafine) 32 0.026–0.592 0.163 0.155
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tively. Again, as in Rubidoux, the average nighttime concentrations were found to be 
comparable to the average daytime concentrations. The nighttime levels of particle-
bound ROS suggest the presence of some long-lived ROS species, mostly organic 
peroxides (Docherty et al. 2005) and thus potential for transport (Friedlander and 
Yeh 1998). A positive correlation between the O3 and the ROS concentrations was 
observed which indicated that the formation of ROS is promoted by enhanced pho-
tochemical activity. However, as in Rubidoux, intensity of photochemistry was found 
to be a moderate factor affecting the formation of particulate ROS in the daytime 
atmosphere. The absence of a more positive correlation in both these locations may 
be explained by the vertical mixing in the lower few kilometers, slow dry deposition 
to the surface, and local daytime photochemistry that destroys O3 and produces HOx.

1.3.2  Oxidative Potential

The methods described in the prior section detect the existence of ROS associated 
with the particles or the ability of the particles to abiotically induce the formation of 
ROS. The oxidative potential of PM extracts provides a measure of the production 
of ROS that could occur within a living system. It can be measured by in vitro expo-
sure to rat alveolar macrophage (NR8383) cells using dichlorofluorescin diacetate 
(DCFH-DA) as the fluorescent probe (Landreman et al. 2008). DCFH-DA, a mem-
brane permeable compound, is de-acetylated by cellular esterases generating 
dichlorodihydrofluorescein (DCFH). The oxidation of DCFH by ROS within the 
cell yields dichlorofluorescein (DCH), which is highly fluorescent and is monitored 
using a plate reader method.

Wang et al. (2012) investigated the sources of H2O2 generation in fine-mode 
aerosols by making a series of measurements on laboratory-generated particles, 
source materials, and ambient particles collected in the Los Angeles area. Ambient 
fine-mode H2O2 levels were associated with transition metals, and increased upon 
the addition of dithiothreitol. DTT is particularly a marker for quinone redox activ-
ity and may not fully represent the full range of ROS constituents as seen by 
Venkatachari and Hopke (2008). H2O2 levels were sensitive to the pH of the particle 
extraction solutions, peaking in the pH range of 2.5–5.5. They found that the initial 
rate of H2O2 generation by fine-mode ambient aerosols averaged 5.9 (±2.8) × 10−9 
Mmin−1, similar to the initial rates of H2O2 generation by active quinones and 
hydroxyl radical generation by transition metals. The H2O2 concentrations persisted 
at nearly constant values for about a week in ambient fine-mode particles. Their 
laboratory experiments showed that SOA, diesel and biodiesel exhaust particles 
generated as much or more H2O2 than ambient particles (Table 1.2). Metals such as 
iron, zinc, and copper clearly played a role in the H2O2 formation in combination 
with sources that likely include quinones and other unidentified organics.

1 Reactive Ambient Particles
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1.4  Formation Mechanisms

1.4.1  Atmospheric Gas-Phase Reactions

1.4.1.1  Biogenic Volatile Organic Compounds (BVOC)

Volatile organic compounds (VOCs) play a significant role in the generation of SOA 
especially those with biogenic origins as compared with anthropogenic VOCs 
(Andersson-Skold and Simpson 2001). Biogenic VOCs are emitted mainly by veg-
etation. Guenther et al. (2000) reported that vegetation contribute about 98 % of the 
total annual non-methane volatile organic compounds (NMVOC) emissions in 
North America. They also estimated total NMVOC flux of about 84 × 1012 g of car-
bon (Tg C) that is comprised mainly from isoprene (35 %), 19 other terpenoid 
compounds (25 %) and 17 non-terpenoid compounds (40 %). Although isoprene is 
the dominant biogenic VOC (BVOC) isoprene was generally not considered as a 
major producer of the SOA until Claeys et al. (2004a) found that natural particles 
collected in the Amazonian rain forest showed considerable quantities of previously 
unobserved polar organic compounds, which were identified as a mixture of two 
diastereoisomeric 2-methyltetrols: 2-methylthreitol and 2-methylerythritol. 
Laboratory and ambient results (Claeys et al. 2004b; Surratt et al. 2006; Xia and 
Hopke 2006) recognized isoprene as important component involved in SOA forma-
tion and since then isoprene was included in model predictions of SOA formation. 
Terpenoid compounds, especially monoterpenes (C10H16) are the most important 
precursors of SOA with α-pinene, β-pinene, sabinene, and limonene accounting for 

Table 1.2 Summary statistics of H2O2 generation by different types of source samples (Wang 
et al. 2012)

Type of sample

H2O2 per mass  
(ng/μg)

Percent of aerosol  
mass extracted  
mean (%)

H2O2 per extracted  
mass (ng/μg)  
meanMean ± SD N

Ambient Fine, UCLA, 2005–2006a 0.42 ± 0.30 33 – –
Ambient Fine, Downtown LA,  
2005–2006a

0.58 ± 0.30 23 – –

Ambient Fine, Riverside, UCRb 0.95 ± 0.69 35 – –
Ambient Fine, Riverside, CRCAESb 0.49 ± 0.55 31 91 0.54
Ambient Fine, UCLA, 2009–2010 0.11 ± 0.07 33 52 0.18
Diesel Idle 0.19 ± 0.26 2 24 0.77
Diesel Load 0.06 ± 0.08 2 22 0.25
Biodiesel Idle 0.48 ± 0.17 8 70 0.69
Biodiesel Load 0.33 ± 0.16 9 23 1.40
α-pinene SOA 0.93 ± 0.36 19 99 0.94
Β = pinene SOA 2.12 ± 1.48 11 101 2.09

aArellanes et al. (2006)
bSamples were sporadically contaminated with Cu, Zn and Pb from Virtual Impactors and are thus 
likely elevated compared to the true ambient values

P.K. Hopke
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40–80 % of the overall terpene emission on a global scale when isoprene is excluded 
(Seinfeld and Pankow 2003; Owen et al. 2001; Geron et al. 2000).

That monoterpene species contribution to particle formation has been demon-
strated in many laboratory chamber experiments and ambient studies (Gao et al. 
2004a, b, 2006; Odum et al. 1996; Docherty et al. 2005; Tolocka et al. 2004; Presto 
and Donahue 2006; Venkatachari and Hopke 2008; Chen and Hopke 2009a, b, 
2010; Chen et al. 2011). Some of those experiments measured SOA yields and 
gas-phase kinetic rates and some analyzed SOA chemical composition. However, 
such chamber experiments often predict more or less SOA than is observed under 
the atmospheric conditions.

1.4.1.2  Isoprene Oxidation

Gaseous Reactions

Surratt et al. (2010) reviews the pathways for the formation of SOA in the gas-phase 
oxidation of isoprene. There are two pathways depending on the concentration of 
NOx. Figure 1.1 shows the low NOx pathways for SOA formation that would be 

Fig. 1.1 Mechanism for SOA formation from isoprene under low-NOx conditions with the poten-
tial for enhancement due to aerosol acidity (Reprinted with permission from Surratt et al. (2010))

1 Reactive Ambient Particles
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typically observed in rural locations such as the Amazon rain forests. The reactions 
lead to the formation of oligomeric species including sulfate containing compounds 
analogous to those first observed by Reemtsma et al. (2006). First-generation gas- 
phase oxidation products include hydroxycarbonyls, methyl-butenediols, hydroxy-
hydroperoxides (ISOPOOH), methacrolein (MACR), and methyl vinyl ketone 
(MVK). Further reactions lead to the formation of epoxydiols of isoprene (IEPOX) 
and these in turn, lead to the identified SOA products of isoprene oxidation includ-
ing the 2-methyltetrols that are used a marker species.

In the presences of high NO as would occur in urban locations, an alternative set 
of reactions occur as outlined in Fig. 1.2. In these reactions, the oxidation proceeds 
primarily through the methacrolein (MACR) that in the presence of NO becomes 
the major reaction product (25 %) of the isoprene oxidation. The further oxidation 
of MACR forms methacryloylperoxynitrate (MPAN) than can then react further to 
form SOA including nitrate containing oligomeric esters (Reemtsma et al. 2006).

Aqueous Reactions

It can be seen in these formation mechanisms that many of the initial products of 
isoprene oxidation are gas-phase species that may not partition to particles. However, 
they will be highly water soluble so that they can effectively partition into liquid 

Fig. 1.2 Mechanism for SOA formation from isoprene under high-NOx conditions (Reprinted 
with permission from Surratt et al. (2010))

P.K. Hopke
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water droplets (cloud and fog) where additional reactions can occur (Ortiz-Montalvo 
et al. 2012). Aqueous phase hydroxyl (OH) radicals reacting with glycolaldehyde, 
glyoxal, methylglyoxal, pyruvate, acetate, acetone, methacrolein, and methyl vinyl 
ketone can form dicarboxylic acids and higher-molecular weight compounds 
(HMWCs) (e.g., oligomers) (Altieri et al. 2006, 2008; Carlton et al. 2006, 2007; El 
Haddad et al. 2009; Liu et al. 2009; Michaud et al. 2009; Perri et al. 2009; Tan et al. 
2009, 2010, 2011; Poulain et al. 2010; Zhang et al. 2010). Although aqueous phase 
reactions will produce significant amounts of SOA, the processes will not result in 
the production of ROS species as is the case with the gas-phase reactions and thus, 
are not a source of exogenous ROS.

1.4.1.3  Monoterpene Oxidation

Monoterpene compounds are unsaturated and have one or two double bonds. 
Therefore, they can be rapidly oxidized in the atmosphere with ozone as well as 
oxidants such as OH and NO3 radicals (Fig. 1.3). The relative importance of these 
reaction pathways for individual VOCs depends on the concentration of atmospheric 
oxidants and the reaction rate coefficients. The concentrations of OH, NO3, and O3 
vary in time and space because of variations in pollutant concentrations and solar 
radiation (Calvert et al. 2000). The daylight and night-time average mixing ratios 
for an urban polluted environment are shown in Table 1.3 (from Calvert et al. 2000). 
The reaction rate coefficients may vary with location because of temperature and 
pressure differences.
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•
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Fig. 1.3 Atmospheric oxidation mechanism for many VOCs, including monoterpenes (Reprinted 
from Kroll and Seinfeld (2008), with permission from Elsevier)
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Hydroxyl radical (OH·) is the most reactive and primary oxidant in the tropo-
sphere. The major mechanism for its formation in the upper troposphere is the reac-
tion of singlet oxygen O(1D) with water molecule:

 
O D H O OH1

2 2( ) + → ⋅
 

(1.1)

The HO· radicals present in the lower troposphere (surface HO radical) come 
from the photolysis of hydrogen peroxide or nitrous acid, Criegee intermediates 
(CI) decomposition, etc. Those intermediates are formed by the reaction of ozone 
(O3) and unsaturated compounds –alkenes (Calvert et al. 2000):

 R CH CHR O HO products1 2 3= + → ⋅+  (1.2)

Photolytic formation of hydroxyl radical require day-time conditions and sun 
light, while reaction (2) can occur at both, night- and day-time periods. OH reacts 
with most trace species in the atmosphere.

The key species in the ozone production are peroxyl (RO2) and hydroperoxyl 
(HO2) radicals. Those species can convert NO to NO2 (reactions 3–4). Ozone forma-
tion occurs as a result of the photolysis of NO2 at wavelengths < 420 nm (reactions 
5–6). In the absence of RO2 and HO2 radicals, formed ozone (reaction 5) reacts with 
NO to regenerate NO2 (reaction 7) and the net ozone production is zero. Reaction 
(7) is the main mechanism responsible for removal of ozone from the troposphere.

 RO NO RO NO2 2⋅ + → ⋅+  (1.3)

 HO NO HO NO2 2⋅ + → ⋅+  (1.4)

 
NO NO O P nm2

3 420+ → + ( ) ≤( )hv λ
 

(1.5)

 
O P O M O M M N O3

2 3 2 2( )+ + → + =( ),
 

(1.6)

 NO O NO O+ → +3 2 2  (1.7)

At night, NO2 does not photolize (reaction 5), and in turn, it reacts with O3 to 
produce the nitrate (NO3) radical (reaction 8). Any NO present at night reacts rap-
idly with ozone to form NO2 (Seinfeld and Pandis 2006).

Table 1.3 Daylight and night-time average OH, NO3, O3 and O(3P) mixing ratios for conditions 
representative for a polluted urban atmosphere (From Calvert et al. 2000)

Species Daylight average Night-time average

OH 0.16 pptv 0.0007 pptv
O3 110 ppbv 80 ppbv
NO3 3 pptv 100 pptv
O(3P) 0.003 pptv 0

P.K. Hopke
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 NO O NO O2 3 3 2+ → +  (1.8)

The highest nitrate radical concentrations one can expect in polluted regions, 
with high NOx and O3 levels, and under those conditions all NO will be converted to 
NO2 .

Calculated lower tropospheric lifetimes for some selected VOCs in the presence 
of three major atmospheric oxidants are shown in Table 1.4 (Atkinson and Arey 
2003). Lifetimes are calculated using the following: for OH radical reactions, a 12-h 
daytime average of 2 × 106 molecule/cm3; for NO3 radical reactions, a 12-h night- 
time average of 5 × 108 molecule/cm3; and for O3, a 24-h average of 7 × 1011 mole-
cule/cm3. Longer chain alkanes (e.g. n-octane) and anthropogenic aromatic 
hydrocarbons (benzene and toluene) have the lowest reactivity and the longest life-
time. The OH radical reaction is the most dominant transformation process for these 
species. Biogenic VOCs, α-pinene and isoprene have the shortest lifetimes with 
respect to all of the atmospheric oxidants. In case of α-pinene, day-time reaction 
with hydroxyl radicals is faster than reaction with ozone (2.7 h versus 4.7 h). During 
the night-time, reaction with nitrate radicals occurs even faster (5.4 min).

1.4.1.4  Mechanism of Terpene Atmospheric Oxidation

Although reactions with OH radicals are often major day-time degradation pathway 
(have higher rate coefficients), reactions with ozone form many low-volatile prod-
ucts that contribute significantly to SOA formation (Calvert et al. 2000; Kroll and 
Seinfeld 2008).

The main products of monoterpene oxidation reactions are carbonyl compounds 
that include aldehydes, oxy-aldehydes, carboxylic acids, dicarboxylic acids, 
 oxy- carboxylic acids, hydroxy-carboxylic acids, hydroxyketones, diols, etc. 
(Glasius et al. 1999, 2000; Winterhalter et al. 2003). The reaction pathways that lead 
to the addition of polar functional groups (hydroxyl, hydroperoxyl, nitrate and 
acid), with little or no fragmentation of the carbon skeleton, are those that lead to the 
formation of SOA (Kroll and Seinfeld 2008). Polar and low vapor pressure oxida-
tion products can either create new fine organic particulate matter (homogeneous 
nucleation) or condense onto existing PM (Hoffmann et al. 1997). For homoge-
neous nucleation, the partial pressure of at least one of the reaction product must 
achieve its saturation value (Seinfeld and Pandis 2006).

Table 1.4 Calculated lower tropospheric lifetimes (at 298 K) for selected VOCs (Atkinson and 
Arey 2003)

VOC OH NO3 O3

n-octane 1.4 days 240 days >4500 year
Isoprene 1.4 h 48 min 1.3 days
α-pinene 2.7 h 5.4 min 4.7 h
Benzene 9.5 days >4 years >4.5 years
Toluene 2.1 days 1.8 years >4.5 years

1 Reactive Ambient Particles
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In the case when the oxidation agent is a radical (OH, NO3 or halogen atom), 
oxidation proceeds either by abstraction of a hydrogen atom or addition to a C-C 
double bond (Calvert et al. 2000; Atkinson and Arey 2003). The product of that 
reaction is the alkyl (R·) radical that then react with O2 to form alkylperoxy (RO2·) 
radical. Organic peroxyradicals react with NO, NO2, HO2, RO2, NO3 to form alkoxy 
(RO·) radicals and different carbonyl compounds (Fig. 1.3). Oxidation of monoter-
penes with OH and NO3 radicals result in less nucleation and this suggest that high 
volatile products are formed in those reactions (Hoffmann 2001).

In the case when the oxidation agent is O3, oxidation proceeds by the addition of 
an O3 molecule to the double C = C bond producing a primary ozonide. The ozonide 
decomposes into two fragments: a carbonyl and an excited biradical (excited 
Criegee Intermediate, CI*) (Hasson et al. 2001a, b). The intermediate can be stabi-
lized in reaction with water or oxygenated organics (“SCI channel”) or decomposes 
to form OH radical and alkyl radical (“Hydroperoxide channel HP”). The alkyl radi-
cal later reacts according to Fig. 1.3. The mechanisms of alkene oxidation by ozone 
are presented on Fig. 1.4 (Atkinson and Arey 2003; Jonsson et al. 2006; Kroll and 
Seinfeld 2008).

Reactions involved in α- and β-pinene/ozone oxidation are shown on Fig. 1.5 as 
adapted from Docherty et al. (2005). Pavlovic and Hopke (2011) showed that the 
radical species could be trapped with nitrone spin traps and their structures con-
firmed by tandem mass spectrometry.

Larsen et al. (1998) proposed a nomenclature for the oxidation products of 
monoterpene species. In the case of α-pinene, laboratory studies confirmed forma-
tion of all of the presented “1st generation” products in Fig. 1.5 (Glasius et al. 1999, 
2000; Warscheid and Hoffmann 2001, 2002; Gao et al. 2004a, b; Docherty et al. 
2005; Jang and Kamens 1999). The carboxylic acids are dominant products in the 
aerosol phase. Pinic acid is C9 dicarboxylic acid with the highest yield found in 
SOA (Jang and Kamens 1999; Northcross and Jang 2007). During field studies, 
most of the polar α-pinene oxidation species are also found in the particulate phase 
(Warnke et al. 2006; Antilla et al. 2005; Yu et al. 1998; Gao et al. 2006).
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1.4.2  Mechanism of Aromatic Compound SOA Formation

The primary anthropogenic species that can form SOA and ROS are benzene and 
substituted aromatic compounds (e.g., toluene, xylenes, trimethyl benzene). These 
species are major components of gasoline so represent a major source of urban 
SOA. Aromatic compounds will not react with ozone and the oxidation occurs 
through reaction with hydroxyl radicals. Ng et al. (2006) provide information of the 
formation rates of SOA from these species. They found that the SOA yields (defined 
as the ratio of the mass of organic aerosol formed to the mass of parent hydrocarbon 
reacted) under low-NOx conditions are much larger than those under high-NOx 
conditions, suggesting the importance of peroxy radical chemistry in SOA forma-
tion. The mechanism for SOA formation from the oxidation of toluene by OH is 
outlined in Fig. 1.6.

1.4.3  Reactive Oxygen Species (ROS) in SOA

According to Fig. 1.4, hydroxyl radicals from the alkene (monoterpene)-ozone 
reactions are formed via the “hydroperoxide channel”. Atkinson et al. (1995) and 
Atkinson and Aschmann (1993) reported OH radical yields close to a unit  
(1  molecule of OH· per 1 molecule of alkene reacted) for many different alkenes. 
Aschmann et al. (2002) measured OH· yields from O3/terpene reactions for a series 
of terpenes and had results from 0.33 for sabinene to 0.86 for 3-carene. The same 
study measured OH radical formation yield for α-pinene to be 0.77 ± 0.10.

The hydroxyl radical does not react with the major constituents of the atmo-
sphere (N2, O2, CO2, H2O) but reacts with most trace species such as CO, CH4, 
VOCs including alkanes, alkenes, aromatics, aldehydes, ketones, alcohols etc. and 
these reaction pathways are presented in Fig. 1.1 (Seinfeld and Pandis 2006).

Once formed, OH· generates hydroperoxyl (HO2·) radicals from the reaction of 
OH radicals and alkanes. The mechanism for HO2· formation from ethane in the 
absence of NOx is presented in reactions 9–12:

 CH CH OH H O CH CH3 3 2 3 2+ ⋅→ + ⋅  (1.9)

 CH CH O CH CH OO3 2 2 3 2⋅ + → ⋅  (1.10)

 CH CH OO ROO CH CH O RO O3 2 3 2 2⋅ + ⋅→ ⋅+ ⋅+  (1.11)

 
CH CH O O HO CH C O H3 2 2 2 3⋅ + → ⋅+ ( )  

(1.12)

It is always possible that the HO2 radicals can be converted to OH radicals or 
form H2O2 molecule – sink for HOx family (reactions 13–14)
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 HO O OH O2 3 22⋅ + → +  (1.13)

 HO HO H O O2 2 2 2 2⋅ + ⋅→ +  (1.14)

Other important free oxygen radical species formed from monoterpene/ozone 
reactions are peroxyl (ROO·) and alkoxyl (RO·) radicals. Figure 1.1 shows that dis-
tribution of products formed from oxidation of VOCs is mainly governed by the 
reactions of these two radicals. At high-NOx conditions, the chemistry tends to be 
dominated by radical propagation, in which RO2 is efficiently converted to RO via 

OH

NO2

NOHO2

OH OH

OH

OH OH

OO

OO

O
O

O2
H

H

H

H

H

Isomerization, O2

ROOH
(possibly semivolatile)

1st generation products
(possibly semivolatile)

Condensable products X

SOA

Fig. 1.6 Simplified SOA formation mechanism for the toluene-OH system (Image reprinted from 
Atmos. Chem. Phys., 7, 3909–3922, 2007, www.atmos-chem-phys.net/7/3909/2007/ © Author(s) 
2007. This work is licensed under a Creative Commons License)
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reaction with NO. At lower NOx levels, the reactions of RO2 with HO2 and other 
RO2 radicals become more important and lead to hydroperoxide and alcohol forma-
tion (Kroll and Seinfeld 2008).

ROS molecules like organic hydroperoxides (ROOH) can be formed from: (1) 
reactions of stabilized biradicals with H2O (reaction 15); (2) unimolecular isomeri-
zation of biradicals (reaction 16); (3) reactions of organic peroxyl radicals (ROO·) 
and hydroperoxyl (HO2·) radicals (reaction 17) (Seinfeld and Pandis 2006):

1. RC HOO H O RCOOH H O⋅ ⋅ + → +2 2  (1.15)

2. CH C OO. CH C OOH CH3 2 3 2( ) ⋅ → ( ) =  (1.16)

3. ROO HO ROOH O⋅ + ⋅→ +2 2  (1.17)

Self-reactions of large ROO· radicals may form organic peroxides (ROOR) with 
very low volatility and high importance in SOA formation (Ziemann 2002).

1.5  In Situ ROS Formation

It is possible to form ROS in situ once the particle has deposited in the lungs. The 
ROS formation can be the result of biological activity in epithelial cells or can be 
abiotic. Much attention had been paid to endogenous ROS in prior studies. Different 
routes have been suggested through which ROS form after particle deposition in the 
respiratory tract.

Squadrito et al. (2001) hypothesized that PM2.5 produces ROS continuously 
when deposited in the lung. About 1016–1017 unpaired spins/g of free radicals that 
were stable for months are found in PM2.5. These radicals share the same stability 
and spectral characteristics with semiquinone radicals. These organic radicals are 
hypothesized to have redox cycling during which tissue-reducing equivalents are 
consumed. Therefore, oxygen gets reduced and ROS is produced.

A chemisorbed substituted catechol was used to show the quidnoid redox cycling 
in Fig. 1.7. During this process, molecular oxygen is reduced by the semiquinone 
intermediate to the superoxide radical that could undergo dismutation and reduction 
reactions and produce hydrogen peroxide. Fenton’s reactions could happen and 
generate the cytotoxic hydroxyl radicals when transition metals such as Fe2+ and 
Cu2+ exist with hydrogen peroxide. (Squadrito et al. 2001)

The dithiothreitol (DTT) assay was used to determine if ultrafine particles (UFP) 
have a greater ability to generate ROS than coarse and fine particles on a microgram 
basis (Li et al. 2003). Earlier studies have shown that UFPs have an increased capa-
bility to adsorb organic molecules and penetrate cellular targets because they have 
small sizes, relatively large number concentrations, and high surface area (Frampton 
2001; Hei 2002; Nemmar et al. 2002; Oberdörster 1996; Utell and Frampton 2000; 
Verma et al. 2011). By comparing the formation of ROS by different size particles 
in vitro, Li et al. (2003) found UFPs had the highest redox activity. As shown in 
Fig. 1.3, UFPs have 21.7- and 8.6-fold larger redox cycling capacity than coarse and 
fine particles, respectively. Concentrated air particles (CAPs) have been shown to 
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have the ability to transfer electrons. UFPs that have higher organic carbon fractions 
than other sized particles show greater biologic potency. This potency is related to 
polycyclic aromatic hydrocarbon (PAH) content (Li et al. 2003).

Metals have been suggested as playing a major role in inducing ROS formation 
and related oxidative stress (e.g., Kodavanti et al. 2002; Nadadur et al. 2009). Stohs 
et al. (1997) reports on in-situ ROS production by transition metals. It has been 
shown that metal ions, which have high concentration in tobacco smoke and other 
airborne particles, contribute to oxidative stress production (Faruque et al. 1995; 
Eiserich et al. 1995; Stohs and Bagchi 1995). The following equations express the 
generation process of ROS by redox cycling of metal ions:

 
M X M X O( ) + → −( ) +−O2 21·

 

 2 22 2 2 2O− ++ → +· H H O O  

 
M X H O M X OH OH−( ) + → ( ) + + −1 2

·

 

Copper, iron, and chromium ions are found to undergo redox cycling. Cadmium, 
mercury, nickel, lead, arsenic and antimony are hypothesized to consume glutathi-
one and protein-bound sulfhydryl groups that could lead to ROS generation, e.g. 
superoxide anion, hydrogen peroxide and hydroxyl radicals (Stohs and Bagchi 
1995; Aust 1989). Verma et al. (2010) found that several metals (Fe, Cr, Co and Mn) 
were significantly correlated with ROS as measured with the macrophage ROS 
assay. However, in the United States, there has been a substantial decline in the 
concentrations of these elements in fine particulate matter (Hopke and Rosser 2006; 
USEPA 2009) so their extent in oxidant formation is uncertain. Verma et al. (2009) 
have found that the DTT assay showed higher ROS in the afternoon in agreement 
with the earlier observations of Venkatachari et al. (2005) suggesting the role of 

Fig. 1.7 Simplified mechanism using a chemisorbed substituted catechol as an example to explain 
quinoid redox cycling (Reprinted from Squadrito et al. (2001), with permission from Elsevier)

1 Reactive Ambient Particles



18

active particle formation mechanisms in forming ROS. Furthermore, Verma et al. 
(2011) found that DTT-measured ROS in quasi-ultrafine particles suggested a low 
role for metals and a much more important role for organic carbon and PAHs. 
However, these differences may be the result in differences in the sensitivity of the 
various assays to specific particulate constituents. Thus, there remains considerable 
uncertainty in the concentrations of both exogenous and endogenous oxidants asso-
ciated with airborne particulate matter and further study will be required to fully 
assess the role of ROS in inducing observed adverse human health effects.

1.6  Conclusions

The formation of secondary particles results in chemically reactive species. The 
oxidation of SO2 and NO2 results in the formation of strong acids. However, the 
oxidation of organic compounds produces oxidative radicals and peroxide com-
pounds. Oxidative stress is hypothesized to be a major factor in producing systemic 
inflammation and adverse cardiovascular effects. Thus, the presence of oxidative 
species in deposited particles coupled with the production of other oxidative species 
in situ by components of deposited particles may be an important driver of the 
observed impacts of ambient PM. Although there are limited measurements avail-
able showing the presence of ambient particle-bound ROS, ambient PM can both 
transport and catalyze the deposition of ROS to the lungs when those particles 
deposit in the respiratory tract. At the present time, the methods to make ROS mea-
surements are crude and hard to use. Efforts to build automated systems have had 
limited success. There is thus a continuing need for better tools to assess both the 
ROS concentrations carried by the particles as well as their potential for inducing 
the formation of ROS once deposited in the respiratory system. Only then will it be 
possible to collect sufficient data to be able to assess the relationships between 
particle-bound ROS and particle-induced ROS with observed adverse health effects 
in an exposed population.
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    Chapter 2   
 Impacts of Air Pollution on Reproductive 
Health 

             Mariana     Matera     Veras    ,     Natália     de     Souza     Xavier     Costa    , 
    Laís     Fajersztajn    , and     Paulo     Hilário     Nascimento     Saldiva    

2.1             Introduction 

 Humans are continuously exposed to mixtures of environmental contaminants and 
a vast body of evidence now link exposure to these chemicals with an increased 
incidence of reproductive and developmental disorders (Woodruff and Walker  2008 ; 
Sadeu et al.  2010 ). 

 Since the second half of the twentieth century, the harmful effects of air pollution 
on human health have been the subject of many studies. Episodes of high levels of 
air pollution experienced by cities in Europe and the United States have enlightened 
both government agencies and the global community public about the harmful 
effects of air pollution on human health. Infamous examples include both the 
London Fog of 1952 and Donora Smog of 1948 that were associated with signifi -
cantly elevated rates of hospital admissions and mortality (Logan  1953 ; Helfand 
et al.  2001 ). Similarly the more recent Bophal gas disaster (India, 1984) should also 
be remembered. In this tragic example, a methyl isocyanate gas leak killed 2,500 
people in 5 days and many more were condemned to long-term morbidity including 
serious reproductive dysfunctions (Sriramachari  2005 ). Subsequent to these 
 episodes, clean air legislations and other regulatory actions have signifi cantly 
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reduced ambient air pollution in many regions of the world, especially in both North 
America and Europe (Chen et al.  2007 ). Despite successful regulatory oversight, air 
pollution in urban centers remains a substantial risk factor to global human health. 

 The respiratory tract is the fi rst system to be in contact with the air pollutants. 
Respiratory and cardiovascular diseases are the most commonly observed effects 
associated with exposure to low levels of air pollution followed by neoplasia 
(Schwartz  2006 ; Pope et al.  2009 ; Dockery  2009 ). Recent studies support that 
 common environmental air pollutants that we contact in our daily life and to which 
exposures are unavoidable could also affect both reproductive health and fetal 
development. Exposure to ambient air pollution appears to adversely impact fertil-
ity, pregnancy outcomes, and fetal health and development (Maisonet et al.  2004 ; 
Parker and Woodruff  2008 ). 

 Epidemiological studies suggest the association between exposures to air 
 pollution and impairment of reproductive health. However, these studies also recog-
nize and acknowledge many uncertainties with regard to this association (Slama 
et al.  2008 ), such as few evidence of plausible biological mechanisms, limited 
 information on personal exposures, diffi culties in linking particulate matter (PM) 
composition or single constituent to the biological effects (Pope  2000 ; Chen et al. 
 2008 ; Valavanidis et al.  2008 ; Ren and Tong  2008 ). Despite the adoption of different 
study designs and statistical evaluations and the potential of confounding variables 
(e.g. maternal smoking, gestational age, and socioeconomic factors), and lack of 
consistency in fi ndings, these epidemiological investigations suggest a causal 
association. 

 Epidemiological studies are important to help guide further investigation. 
However, many unanswered questions remain with regard to the association between 
air pollution and reproductive health including;

•    What are the mechanisms involved in decreased fertility due to the exposure to 
increased PM concentration?  

•   Which trimester of pregnancy is most relevant to the impairment of fetal 
development?  

•   Which component of the PM presents a higher risk for reduced birth weight?  
•   Are the mechanisms involved in decreased male fertility the same as in females?  
•   Could multigenerational exposure to ambient PM concentration present cumula-

tive effects?    

 Future studies utilizing animal models and carefully designed human clinical 
investigation will help address the current gap in knowledge. Toxicological and 
clinical studies are necessary to confi rm associations elucidate mechanisms 
involved, identify most susceptible subgroups, and to create ways to reduce these 
impacts on human health. 

 In this chapter, we will focus on the major epidemiological fi ndings, current 
experimental evidence, and possible molecular mechanisms involved in the impair-
ment of the reproductive process associated with exposure to common urban air 
pollution.  
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2.2     Urban Air Pollution 

 Air pollution is a widespread environmental contaminant. Expansion of industry 
and vehicular traffi c has had a major impact on the overall air quality in urban 
areas over the last decades. This contributed to widespread contamination of the 
environment by thousands of harmful compounds derived from exhaust emissions. 
In a broad sense, air pollution can be defi ned as a mixture of gaseous, liquid, and 
solid substances containing many toxic components which include; CO, NO 2 , SO 2 , 
O 3 , Pb, polycyclic aromatic hydrocarbons (PAH) and particulate matter (PM) 
(WHO  2005 ). 

 Because of the recognized health impacts, signifi cant efforts have been placed on 
investigation and regulation of the particulate fraction of air pollution. As defi ned 
by Collbeck and Lazaridis ( 2010 ), particulate matter (PM) is a complex mixture of 
solid particles, liquid droplets, and liquid components contained in the solid  particles 
constituted by many different chemical species originating from a wide variety of 
sources. Particles can be produced by combustion, suspension of soil material, 
and also from chemical reactions in the atmosphere. Nitrates, sulphates, elemental 
 carbon, organic substances (VOC, PAH), metals (Cd, Pb) and mineral material 
(Al, SI, Fe and Ca) are major constituents of airborne PM (Colbeck and Lazaridis 
 2010 ; Heal et al.  2012 ). Particle size ranges vary considerably from a few nanome-
ters (nm) to several micrometers (um), which strongly determine particle lifetime in 
the atmosphere and deposition in the respiratory tract. 

 The particles are classifi ed according to their aerodynamic diameter, as PM 10  
[particles with an aerodynamic diameter smaller than 10 μm], PM 2.5  [aerodynamic 
diameter smaller than 2.5 μm] and PM 0.1  [aerodynamic diameter smaller than 
0.1 μm] (Colbeck and Lazaridis  2010 ). The size and its composition are directly 
linked to negative health effects. The observed high toxicity of the smaller size 
 fractions is believed to be due to the fact that they may reach the deeper portion of 
the lungs and may translocate into the circulation. Further these fractions contain 
higher concentrations of polycyclic aromatic hydrocarbons (PAH), semiquinones, 
metals, transition metals, and have a higher radical generating capacity (Squadrito 
et al.  2001 ; Kok et al.  2006 ).  

2.3     Epidemiological Findings 

 The evidence for harmful effects at realistic urban air concentrations of air pollut-
ants predominantly come from epidemiological studies (Slama et al.  2008 ; 
Stillerman et al.  2008 ). In this section, we will present recent reports that indicate 
that exposures to ambient levels of air pollutants (PM, NO 2  SO 2  and O 3 ), in addition 
to the recognized adverse cardio respiratory effect are associated with negative 
impacts on reproductive health. 

2 Impacts of Air Pollution on Reproductive Health
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 Increased risks for low birth weight, prematurity, neonatal and post-neonatal 
mortality and congenital defects have been reported to be associated with exposures 
to ambient air pollution. Beyond the recognized adverse consequences on preg-
nancy outcomes, exposure to air pollution is associated with adverse impact on 
reproductive function including fertility. Furthermore, studies have shown that 
 periods of elevated air pollution were signifi cantly associated with changes in semen 
quality and damages in sperm DNA (Dejmek et al.  2000 ; Rubes et al.  2005 ). 

2.3.1     Fertility and Fecundability 

 Very few studies have addressed the effects of ambient air pollution on human fer-
tility. Available studies focus on the primarily impact on male fertility, probably due 
to readily accessible semen acquisition and analysis (Sokol et al.  2006 ). Detrimental 
changes in various semen parameters such as motility, sperm morphology, and 
DNA are reported, which may cause reduced fertility in males or miscarriage in 
females. 

 The positive association of the adverse effects of air pollution exposures on preg-
nancy outcomes has redirected the attention of the researchers to other important 
aspects of reproductive health including fertility. One of the fi rst studies that inves-
tigated the effects of air pollution on fertility was conducted by Djemek et al. ( 2000 ). 
In this study, they have evaluated the impact of SO 2  on fecundability (the probability 
of conceiving during the menstrual cycle) in the fi rst unprotected menstrual cycle 
(FUMC) of 2,585 parental pair in a heavily polluted region of Northern Bohemia. 
They found that adjusted odds ratios of conception in the FUMC may be reduced in 
couples exposed to mean SO 2  levels > 40 pg/m 3  in the second month before 
 conception. In a previous study with the same population, they have also found an 
association between PM 10  and reduced conception rates (Dejmek et al.  1998 ). Slama 
et al. ( 2013 ) reanalyzed the data of the study by Dejmek et al. ( 2000 ) and defi ned 
the exposure window with respect of the start of the period of unprotected inter-
course and considered the impact of PM 2.5 , carcinogenic polycyclic aromatic 
 hydrocarbons (c-PAH), ozone (O 3 ), nitrogen dioxide (NO 2 ) levels, in addition to 
SO 2  on fecundability. Their new results highlight that PM 2.5  and NO 2  levels in the 
2 months before the end of the fi rst month of unprotected intercourse were  associated 
with decreased fecundability. This observation highlights the important concept of 
lag time between exposure and observed health consequences. 

 Selevan et al. ( 2000 ) showed that elevated period of air pollution were signifi -
cantly correlated with changes in various semen parameters of young Czech men 
including; proportionately fewer motile sperm, less sperm with normal morphology 
or normal head shape, and proportionately more sperm with abnormal chromatin. 
Based on this preliminary fi ndings, Rubes et al. ( 2005 ) monitored semen quality in 
a cohort of young Teplice residents over longer periods of time (periods of exposure 
to both low and high air pollution) and found a signifi cant association between 
exposure to high levels of air pollution and decreased sperm chromatin integrity. 
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 In the United States (Salt Lake City), Hammoud et al. ( 2010 ) demonstrated that 
PM 2.5  concentration was negatively correlated to sperm motility 2 months and 
3 months after exposure, which coincides with the duration of spermatogenesis 
(72 days). However, a study of Hansen et al. ( 2010 ) did not support a consistent 
pattern of association between O 3  and PM 2.5 . They performed analysis of several 
measures of semen quality and found only statistically signifi cant adverse associa-
tion between increased PM 2.5  averaged over the 0- to 90-day period before semen 
sampling and an increase in the percentage of sperm with abnormally shaped heads 
and the percentage of sperm with cytoplasmic droplets. However, after controlling 
for season and temperature results failed to reach statistical signifi cance. 

 In the study of Sokol et al. ( 2006 ), there was a signifi cant negative correlation 
between O 3  levels (70–90 days before collection) and average sperm concentration, 
which was maintained after correction for birth date, age at donation, temperature, 
and seasonality. These epidemiological results are in line with occupational expo-
sures (De Rosa et al.  2003 ; Guven et al.  2008 ) and experimental studies of diesel 
exhaust inhalation and detrimental effects on sperm (Izawa et al.  2007 ). 

 There are very limited studies on the impact of air pollution on female fertility. 
We are aware of only two studies available in the literature on female fertility that 
were conducted by Perin et al. ( 2010a ,  b ). These studies evaluated the impact of PM 
exposure during the follicular phase of the menstrual cycle or during the pre- 
conceptional period of women undergoing IVF/ET on early pregnancy loss and 
miscarriage. Both studies support an association between brief exposure to high 
levels of PM and the adverse gestational outcomes. This is an area that would likely 
benefi t from additional studies. 

 Human fertility is declining in different parts of the world for unclear reasons. 
There are many hypothesis that have been used to explain this observation. Among 
the most supported causes of worldwide declining fertility are the delay of child-
bearing by modern women and other changes in social factors. However, there is 
also a growing incidence of impaired fecundity among young women and men, 
which cannot be easily explained by societal factors. Nutritional status, obesity, 
drugs, smoking habits, stress and increasing exposures to environmental pollutants, 
such as air pollution, are also plausible factors involved in human reduced fertility 
that deserve more attention.  

2.3.2     Low Vitamin D and Immune System Alterations 

 Besides the “visible” effects of air pollution on fetal health, there is growing 
 evidence of the impact of maternal exposure to urban air pollution on “non-visible” 
fetal outcomes. Serum vitamin D levels in the mother and fetus seems to be affected 
by air pollution. Vitamin D is scarce in natural food and the main source of vitamin 
D for humans is its synthesis from 7-dehydrocholesterol upon exposure to UVB 
solar radiation and conversion to circulating metabolite called 25-hydroxyvitamin 
D [25(OH)D] in the liver. Defi ciencies in vitamin D are associated with different 
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bone diseases and more recently it has been involved in other diseases including 
cardiovascular (Kim et al.  2008 ) and autoimmune diseases (Lange et al.  2009 ). 

 In general, low intake of vitamin D and insuffi cient exposure to sunlight  constitute 
the main causes of vitamin D defi ciency. However, recent studies point out that 
exposure to air pollution may also contribute to low serum levels of vitamin D in 
women and in the unborn child as a consequence of maternal defi ciency. In the 
study conducted by Baïz et al. ( 2012 ), maternal exposure to ambient urban levels of 
NO 2  and PM 10  during the whole pregnancy was a strong predictor of low vitamin D 
status in newborns. Moreover, Kelishadi et al. ( 2013 ) have also found that air  quality 
had an inverse and independent association with 25(OH)D levels of mothers and 
their neonates and Hosseinpanah et al. ( 2010 ) have shown that defi ciency in vitamin 
D to be prior to pregnancy. In their study, they found that women living in polluted 
areas present with lower levels of serum 25-OH-D which is comparable to vitamin 
D defi ciency. 

 Potential mechanisms that could explain this relationship are based on the impact 
of smoking on vitamin D status (Brot et al.  1999 ). It has been suggested that changes 
in infl ammatory profi le and oxidative stress caused by smoking affects liver function 
and hence vitamin D synthesis or affecting maternal intestinal absorption of vital 
vitamins and minerals (Need et al.  2002 ). Exposure to air pollutants may have simi-
lar impact on vitamin D status. Beyond observed differences in vitamin D, exposure 
to air pollution could result in changes of the immune system including; NK, T 
lymphocytes, and IgE content of umbilical blood (Herr et al.  2010 ,  2011 ). Maternal 
exposure to air pollution could have lasting effects of either gestational or pre-gesta-
tional exposures on their offspring. The consequences for the future health of these 
individuals remains unknown, but these effects could have far reaching impacts.  

2.3.3     Gestational Outcomes 

 Studies conducted in different continents (Europe, Asia and Americas) consistently 
report that expectant mothers exposed to air pollution have greater risks of having 
negative gestational outcomes (Gouveia et al.  2004 ; Ha et al.  2001 ; Wang et al. 
 1997 ). However, it is not clear from the studies whether the effects are due to a spe-
cifi c pollutant or to the interactions of different pollutants and in which trimester 
exposures are more detrimental to fetal development. Negative gestational out-
comes are predominant reproductive effects associated with exposures to ambient 
air pollution and are discussed in detail in Chap.   3    . In this section, we will briefl y 
highlight the gestational outcomes and its association with criteria pollutants in 
order to compare with experimental evidence. 

 The causes of the negative pregnancy outcomes are not well understood but it 
is clear that these outcomes have multifactorial causes and there are scientifi c 
 evidence that environmental factor, such as air pollution, can contribute or aggra-
vate these outcomes. Furthermore, there are groups within population that may be 
more susceptible to air pollution exposure. These groups include individuals with 
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preexisting circulatory and respiratory conditions and those socially and economi-
cally disadvantaged. In general people with low social and economic status live in 
more polluted areas, lack adequate health care, and spend more time near high 
 traffi c roads that may increase exposures to air pollutants and consequently increase 
the risks of adverse birth outcomes (Woodruff et al.  2003 ; O’Neill et al.  2003 ; Ponce 
et al.  2005 ; Gilbert et al.  2007 ; Ono et al.  2013 ). 

2.3.3.1     Low Birth Weight 

 The prevalence of low birth weight (LBW), as defi ned by WHO as weight at birth 
of less than 2,500 g (5.5 lb) is estimated to be 15 % worldwide with a range of 
3.3–38 % (  http://www.who.int/nutrition/topics/lbw_strategy_background.pdf    ) and 
occurs mostly in developing countries; coincidentally these countries has elevated 
levels of air pollution (  http://www.who.int/gho/phe/outdoor_air_pollution/phe_012.
jpg    ). This topic is covered in more detail in Chap.   3    . 

 Birth weight is an important indicator of subsequent health issues; low-birth- 
weight babies are more prone to develop hypertension, coronary heart disease, and 
non-insulin-dependent diabetes during adulthood (Osmond and Barker  2000 ). 
Evidence from studies conducted in developed and developing countries, China 
(Wang et al.  1997 ), Australia (Mannes et al.  2005 ), Chezec Republic (Dejmek et al. 
 1999 ); and USA (Ritz et al.  2000 ) point out that PM 10 , PM 2.5  and SO 2  are the major 
pollutants associated with increased risks of LBW. However, other studies verifi ed 
that exposures during pregnancy to CO, O 3,  and NO 2  could also be associated with 
LBW (Morello-Frosch et al.  2010 ).  

2.3.3.2     Preterm Birth, Intrauterine and Neonatal Mortality 

 Although less frequently reported, intrauterine and neonatal mortality and pre-term 
birth (PTB) (Glinianaia et al.  2004 ; Maisonet et al.  2001 ; Srám et al.  2005 ) are also 
outcomes associated with air pollution. Maternal fi rst trimester exposure to ambient 
air pollutant exposure seems to be the critical period for PTB. However, Huynh 
et al. ( 2006 ) observed no association between PTB and ambient air PM 2.5  levels near 
the maternal residence during early pregnancy and late gestation. 

 In Australia, Hansen et al. ( 2006 ) observed that increased levels of O 3 , NO 2  and 
SO 2  during 1st trimester increases the risk of PTB (OR = 1.26, 95 % CI 1.10–1.45). 
Another study from Korea (Leem et al.  2006 ) reported that increased levels of CO 
level during 1st trimester are responsible for the increased risk for PTB [OR = 1.26, 
95 % CI 1.11–1.44, p-trend < .001]. Considering traffi c proximity, the risk of PTB 
in Taiwan was elevated among women living close to a major freeway [<0.5 vs. 
0.5–1.5 km, OR = 1.30, 95 % CI 1.03–1.65] (Yang et al.  2003 ). In Los Angeles, 
Wilhelm and Ritz ( 2003 ) found that there was a dose-response relationship between 
preterm birth and inverse-distance-weighted traffi c density among women in their 
3rd trimester [OR = 1.15, 95 % CI 1.05–1.26].  
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2.3.3.3     Fetal Growth and Developmental Abnormalities 

 Although evidence is less consistent, exposures accrued during gestation and sensi-
tive periods of fetal organ development may be related to developmental abnormali-
ties/congenital defects. Jedrychowski et al. ( 2004 ) observed that not only birth 
weight is affected; changes in other anthropometric measurements were observed, 
such as reduction in head circumference. Studies conducted by van den Hooven 
et al. ( 2012a ) using ultrasound measurements observed that NO 2  levels were 
inversely associated with fetal femur length in the second and third trimester, and 
both PM 10  and NO 2  levels both were associated with smaller fetal head circumfer-
ence in the third trimester. Vrijheid et al. ( 2011 ) systematically reviewed epidemio-
logic studies on ambient air pollution and congenital anomalies and conducted a 
meta-analysis for a number of air pollutant–anomaly combinations. They conducted 
meta-analyses for 18 combinations of pollutants and cardiac anomaly groups and 
found that NO 2  and SO 2  exposures were related to increases in the risk of coarcta-
tion of the aorta and tetralogy of Fallot and PM 10  exposure was related to an 
increased risk of atrial septal defects. 

 A large case-control study conducted in California reported a weak association 
between cleft lip/palate and ambient air O 3  levels near the maternal residence during 
the second month of gestation. Few studies evaluated if there were associations 
between maternal exposure to air pollutants and stillbirths. Results from these stud-
ies remain inconclusive. Pereira et al. ( 1998 ) found an association between daily 
counts of intrauterine mortality and NO 2 , SO 2 , and CO concentrations before 
(≤5 days) delivery. Similarly, Faiz et al. ( 2013 ) reported that increased stillbirth is 
associated with increases in NO 2 , SO 2 , CO, and PM 2.5  concentrations in the immedi-
ate few days before delivery. In a study by Bobak and Leon ( 1999 ) stillbirth rates 
were not signifi cantly associated with any indicator of air pollution.  

2.3.3.4     Preeclampsia 

 Emerging evidence from a large European study and from three previous studies 
(Woodruff et al.  2008 ; Wu et al.  2009 ; Rudra et al.  2011 ; Olsson et al.  2013 ) further 
indicates that that there is also a positive associations between exposure to air pol-
lution and risks of preeclampsia. However, the studies diverge to in terms of the 
pollutant associated with preeclampsia. In the largest study conducted in Europe, 
Olsson et al. ( 2013 ) found that exposure to O 3  in the fi rst trimester of gestation are 
associated with increased risks of preeclampsia. Rudra et al. ( 2011 ) found a weak 
association between CO exposure during the fi rst 7 months of pregnancy (per 
0.1 ppm) and preeclampsia (OR = 1.07, 95 %, CI = 1.02–1.13). In another study con-
ducted in the USA, Wu et al. ( 2009 ) reported odds ratios of 1.33 (95 %, CI = 1.18–
1.49) and 1.42 (95 % CI = 1.26–1.59) for preeclampsia in the highest exposure 
quartiles for NO x  and PM 2.5 . Increased blood pressure throughout pregnancy has 
also been observed in mothers who are exposed to air pollution (van den Hooven 
et al.  2012b ; Lee et al.  2013 ) and both available studies agree that PM 10  and O 3  are 
associated to this effect.   
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2.3.4     Secondary Sex Ratio 

 In the literature, there are many examples of studies suggesting the impact of both 
environmental pollution and occupational exposure to certain substances and 
changes in secondary sex ratio (SSR) (Terrell et al.  2011 ; Tragaki and Lasaridi 
 2009 ; Schnorr et al.  2001 ). Previous studies have shown changes in sex ratios of 
populations living near incinerators [lower sex ratio] (Williams et al.  1992 ) as well 
as in areas exposed to polluted air from steel foundries (higher sex ratio) (Lloyd 
et al.  1985 ). In urban areas with high levels of particulate pollution derived from 
traffi c, there is only one study that investigated if the secondary sex ratio could be 
affected by air pollution. In this study, Miraglia et al. ( 2013 ) have found a signifi cant 
negative association between SSR and PM 10  concentration in São Paulo city, Brazil. 
Although the causality between environmental exposures and declines in secondary 
sex ration are still controversial, some authors suggest that the SSR as a sentinel 
indicator of reproductive injury (Davis et al.  1998 ).  

2.3.5     Reproductive System Cancer 

 Little is known about the role of air pollution in cancers of the reproductive system 
cancer (e.g. prostate, ovarian and breast cancer). However, an increased risk of lung 
cancer associated with exposures to outdoor air pollution was consistently observed 
in studies from Europe, North America, and Asia (Fajersztajn et al.  2013 ). Thus it 
is reasonable to suspect that other types of cancer could be caused by long term 
exposure to air pollutants. The latest IARC release on cancer incidence mortality 
and prevalence worldwide predict a substantive increase to total 19.3 million new 
cancer cases per year by 2025, due to growth and ageing of the global population. 
However, environmental infl uences and lifestyle factors may also be implicated in 
this increase; and they highlight the fact that breast cancer incidence has increased 
by more than 20 %. Vehicular emission is the primary contributor to air pollution in 
urban areas, its composition include compounds that are recognized as carcinogens, 
such as diesel exhaust. Recently, the International Agency for Research on Cancer 
(IARC) of the World Health Organization has classifi ed diesel and gasoline exhaust 
as carcinogenic to humans as possibly carcinogenic (Loomis et al.  2013 ). 

 Few studies have been conducted to evaluate if there is an association between 
reproductive system cancer and air pollution. These types of studies are limited by 
diffi culties in the assessment of long term exposures, the presence of a myriad of 
confounding factors and co-exposures to other known carcinogens in food and 
water. Disinfection by products and even infections make it diffi cult the establish-
ment strong associations between air pollution and cancer risk factors. 

  Prostate Cancer     There are only two studies in the literature that found an associa-
tion between prostate cancer and air pollution (Soll-Johanning and Bach  2004 ; 
Parent et al.  2013 ). Recently, a case–control study conducted in Montreal evaluated 
environmental risk factors for prostate cancer and found associations between 
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 exposures to traffi c related air pollution, assessed by exposures to NO 2 , and 
increased risks of prostate cancer incidence. Limitations of the study include expo-
sure assessment based on home address and time of exposure which was 25 years 
prior to the interview and thus which could misclassify an individual’s exposure 
(Parent et al.  2013 ).  

  Breast Cancer     In women, breast cancer has the highest incidence rate. Many risk 
factors have been pointed out such as genetic factors, lifestyle, reproductive history, 
smoking and alcohol consumption. Although many factors have been identifi ed 
most of the cases remain with unknown etiology (Coyle  2004 ). The fi rst evidence of 
a possible relationship between breast cancer and air pollution levels came from the 
observation that the incidence was higher in urban areas compared to rural areas 
(Bako et al.  1984 ; Hall et al.  2005 ; Reynolds et al.  2004 ). Human studies are lim-
ited, however there at least 30 substances present in urban air pollution that are 
known to be associated with increased mammary tumors in animals such as benzene 
(diesel exhaust) and polycyclic aromatic hydrocarbons (PAHs). Thus, it is plausible 
that traffi c-related exposures may contribute to the incidence of breast cancer 
(reviewed by Rudel et al.  2007 ). In the USA, few studies assessed the relationship 
between air pollution exposure and breast cancer. Lewis-Michl et al. ( 1996 ) con-
ducted a case-control interview study in New York (USA) and suggested a possible 
increased risk [OR = 1.29; 95 % CI: 0.77–2.15] of breast cancer among postmeno-
pausal women who live near areas with high traffi c density. Bonner et al. ( 2005 ) 
found that early-life exposures to relatively high concentrations of air pollution (i.e., 
>140 μg/m 3 ) were associated with an increased risk of developing postmenopausal 
breast cancer (OR = 2.42; 95 % CI, 0.97–6.09). In Canada, Crouse et al. (  2010 ) 
found evidence of an association between the incidence of postmenopausal breast 
cancer and exposure to ambient concentrations of NO 2 . In China, Huo et al. ( 2013 ) 
have shown that long-term air pollution exposure may contribute to the develop-
ment of breast cancer.  

  Ovary Cancer     In the literature, there are only two studies that have found an asso-
ciation between air pollution and ovarian cancer. In the fi rst study published in 
2005, Iwai et al. ( 2005 ) conducted a cross-sectional epidemiological study using the 
annual vital statistics and air pollution throughout Japan and found that breast, 
endometrial, and ovarian cancer showed signifi cant increases in mortality rates in 
relation to particulate pollution. More recently in Taiwan, Hung et al. ( 2012 ) showed 
that individuals who resided in municipalities with higher PM 2.5  levels were at a 
signifi cantly increased risk of death from ovarian cancer.    

2.4     Experimental Evidence 

 All of the published studies acknowledged that there are many uncertainties on the 
association between adverse reproductive outcomes and air pollution (Pope  2000 ; 
Chen et al.  2008 ; Valavanidis et al.  2008 ; Ren and Tong  2008 ). Undoubtedly these 
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aspects point out that there is a need for further toxicological and clinical studies to 
confi rm, to strengthen and elucidate the mechanism involved in this association, to 
identify most susceptible subgroups and to create ways to reduce these impacts on 
human health. The scientifi c literature is extremely scarce with regard to experi-
mental studies conducted to evaluate reproductive effi ciency using laboratory ani-
mals exposed to real urban air pollution. Available studies conducted on experimental 
animals, mainly mice, have corroborated human epidemiological data and have pro-
vided data showing additional effects not yet investigated in humans. 

 Studies using a multigenerational mouse model of exposure to “real world” 
ambient concentrations of air pollution, (i.e. mice mates and their litters were con-
tinuously exposed inside chambers to either fi ltered-clean air or non-fi ltered air- 
polluted air), found that urban air pollution compromises reproductive health in 
different ways across generations. This series of studies has shown that in the fi rst 
generation (G1) of mice exposed to air pollution there were signifi cant reductions in 
the number of viable fetuses, increased numbers of implantation failures, and a 
decreased male/female secondary sex ratio (Mohallem et al.  2005 ; Lichtenfels et al. 
 2007 ). In the second generation of mice (G2), females exposed to air pollution dur-
ing gestation gave birth to litters with reduced birth weights, but no differences in 
litter size and viable fetuses were observed. Birth weight was signifi cantly lower 
with a mean reduction of 21 % compared to fetuses from non-exposed females 
(Veras et al.  2009 ). 

 The negative effect of air pollution exposure during pregnancy and birth out-
comes are increasingly recognized, but most epidemiological studies have focused 
only on exposure during the gestational period. Evidence from animal studies 
explored the effects of maternal exposure before pregnancy on fetal development 
and demonstrates that maternal exposure not only during pregnancy, but also 
before conception, adversely affected fetal birth weight (Veras et al.  2008 ; Rocha 
et al.  2008 ). In the same way, exposure to air pollutants during gestation and/or 
during the pre-gestational period was associated with increased post-implantation 
loss rates in exposed females (Veras et al.  2009 ). These results support the fi ndings 
from Perin et al. ( 2010a ,  b ) on the importance of the pre-gestational period on 
gestation establishment. Examination of the placenta from dams exposed to air 
pollution before and/or during pregnancy revealed that both pre-pregnancy and 
pregnancy periods of exposure to polluted air resulted in morphological changes in 
the placenta (Veras et al.  2008 ). Veras et al. ( 2008 ) found that decreases in fetal 
weight were accompanied by decreases in the volume of maternal blood spaces, in 
the mean diameter of maternal blood spaces, and in maternal:fetal surface ratio. 
These features were accompanied by increases in the surface area of fetal capillar-
ies, the total diffusive conductance of the intervascular barrier, and the mass- 
specifi c conductance of that barrier. None of the studies conducted in human has 
evaluated whether placental changes are associated with adverse pregnancy 
 outcomes in humans. Recently, van den Hooven et al. ( 2012a ) using ultrasound 
measurements and markers of placental growth and function have shown that in 
human the placenta development, as observed in animals, is impaired by maternal 
exposure to air pollution. 
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 Umbilical cords were also evaluated and exposures to air pollution were 
 associated with thinner and less voluminous umbilical cords (loss of mucoid 
 connective tissue and collagen content). Structural changes in umbilical arteries 
and veins and elevated immunoreactivity for 15-F2t-IsoP (oxidative stress), ETAR 
and ETBR (vascular tone) in their walls were found. Together these fi ndings 
 indicate compromised fetal development evidenced by reduced birth weight might 
be mediated by alteration in placental and umbilical structure and function as well 
as by imbalances in the endogenous regulators of vascular tone and oxidative stress 
(Veras et al.  2012 ). 

 The reproductive capacity of G2 nulliparous female mice was also examined and 
results have shown changes to estrous cyclicity and in ovarian follicle counts 
(decreased numbers of antral follicles) (Veras et al.  2009 ). Antral follicles represent 
the last stage in follicle development prior to ovulation and are the only follicle type 
capable of releasing an oocyte for fertilization and synthesizing estrogen (Hoyer 
and Sipes  1996 ; Hirshfi eld  1997 ). Increases in the rate of follicle depletion can 
potentially raise the possibility of premature ovarian failure and early menopause in 
the case of humans (Rowe  2006 ). Observed changes in estrous cyclicity are indica-
tive of persistent estrus, which may refl ect an impairment of ovulation as well as 
changes in the levels of circulating ovarian hormones (EPA  1996 ). 

 Further, in the second generation it was observed changes in couple-based 
 outcomes. Couples exposed to air pollution presented decreased fertility indices, 
decreased pregnancy success and delayed onset of reproductive maturity, as 
 evidenced by extended times to mating (Veras et al.  2009 ). In humans, air pollution 
exposures seemed to decrease conception rates (Dejmek et al.  1998 ). However, we 
still do not know if the effects are associated with impairments on female or male 
health. 

 It is important to point out that the mean concentration of PM 2.5  (24-h average 
concentration) used in some studies (27.5 μg/m 3 , Veras et al.  2008 ,  2009 ), is less 
than the 35 μg/m 3  established by the U.S. National Ambient Air Quality Standards 
[US-NAAQS] (  http://www.epa.gov/air/criteria.html    ) and, approximately equivalent 
to the World Health Organization (WHO) air quality guideline (25 μg/m 3 ; WHO 
 2005 ) raising the question of whether these proposed values are safe for reproduc-
tive health. 

 Two recent mechanistic experimental studies ( unpublished ) addressed the asso-
ciations between air pollution exposure during the initial stages of pregnancy in 
mice and uterine response to embryo implantation. Scoriza et al. ( 2009 ) observed 
that in early pregnancy (6 and 8 GD) that reductions in the number of uterine natural 
killer (uNKcells) and mast cells could contribute to the increased rates of post 
implantation losses observed in mice. uNK cells are a subpopulation of lympho-
cytes that in normal mice promote decidual angiogenesis, trophoblast and placental 
cell growth, provide immunomodulation at the maternal-fetal interface for a healthy 
pregnancy (Bilinski et al.  2008 ). The role of mast cells in pregnancy is less known. 
However, during normal early pregnancy, the number of mast cells and their activa-
tion change (Gibbons and Chang  1972 ; Marx et al.  1999 ). These data suggest 
that components present in air pollution may indirectly interfere with or impair 
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embryonic development through changes to the maternal environment including 
maternal immune responses. In another study, nulliparous mice were exposed to two 
different doses of fi ne particulate air pollution (PM 2.5 ) for 45 days before pregnancy 
until gestational day 4 and expression of different uterine receptivity markers were 
evaluated ( Lif , leukemia inhibitory factor; and  Muc1 , mucin, pinopods) as well as 
uterine histopathology. Histopathology revealed a decrease in the volume and thick-
ness of the endometrium as well as changes in the diameter and thickness of the 
glandular and luminal epithelia. No signifi cant alteration was observed in the 
expression (qPCR/IHC) of  Muc1  but there was signifi cant suppression of  Lif  during 
the window of implantation. These fi ndings suggest that air pollutants may affect 
the fi ne regulation of proliferation and differentiation of uterine stromal cells during 
decidualization via reduced LIF expression (Castro et al.  2013 ). 

 Evidences from experimental studies linking and chronic exposure to air 
 pollution are in line with the epidemiological fi ndings (Knottnerus et al.  1990 ; 
Peters et al.  1997 ; Pekkanen et al.  2000 ). However, the mechanisms involved in this 
association are not clearly known. There are many suggested  potential mechanisms 
which include induction of p450 enzymes, DNA damage, and systemic alterations 
in hematocrit, blood viscosity, blood coagulation, endothelial dysfunction, oxida-
tive stress, and infl ammation (Baskurt et al.  1990 ; Sørensen et al.  2003 ; Andrysík 
et al.  2011 ). The mechanisms proposed are described in more detail in the next 
section.  

2.5     Biological Mechanisms 

 The mechanisms, by which, air pollution could cause adverse health effects are 
characterized by their ability to directly act as pro-oxidants of lipids and proteins or 
as free radical generators, promoting oxidative stress, infl ammatory responses and 
damage to mitochondrial function (Menzel  1994 ; Rahman and MacNee  2000 ; Li 
et al.  2003 ). 

 The fi rst system to in contact with air pollution is the respiratory tract. 
Epidemiologic and experimental data show that the air pollution can cause pulmo-
nary infl ammation, decrease of pulmonary function, and aggravation of pre-existing 
pulmonary diseases such as asthma and bronchitis (Laumbach  2010 ; Saldiva et al. 
 2002 ; Seaton et al.  1995 ). 

 The bigger fraction of the PM gets trapped on the superior respiratory tract, 
and the smaller fraction can reach the lungs and these particles can be deposited 
(Amdur and Corn  1963 ; Amdur and Creasia  1966 ). In an attempt to remove such 
particles, alveolar macrophages phagocytize the particles, penetrating into the 
cellular interstitium, but part of these fi ne particles can be translocate across the 
air–blood barrier into circulation and towards secondary target organs, suggesting 
that the smaller the particle diameter, the greater the possibility of translocation to 
other organs (Takenaka et al.  1986 ; Ferin et al.  1992 ; Oberdorster and Utell  2002 ; 
Chen et al.  2006 ). 
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 The majority of fi ne and ultrafi ne (<PM 0.1 ) particles found in the urban  atmosphere 
derive from engine combustion. Ultrafi ne particles have very low mass typically 
with magnitudes higher particle numbers and therefore a high surface area relative 
to fi ne and coarse particles for adsorption of toxic species (Sioutas et al.  2005 ). 
Studies suggest that only a small fraction of PM can pass rapidly into systemic 
 circulation, and that pulmonary infl ammation seems to play a major role in enhanc-
ing the extra-pulmonary translocation of particles (Chen et al.  2006 ; Brown et al. 
 2002 ; Burch  2002 ; Mills et al.  2006 ; Wiebert et al.  2006a ,  b ; Möller et al.  2008 ). 
Organic components of particles, which comprise a large proportion of freshly 
emitted exhaust and secondary aerosols, can induce a broad polyclonal expression 
of cytokines and chemokines in respiratory epithelium and this effect may be due to 
the action of PAHs, metals and related compounds that lead to the production of 
cytotoxic reactive oxygen species (ROS); and these infl ammatory and oxidant stress 
responses are expected to occur at extra-pulmonary sites, as well (Sioutas et al. 
 2005 ; Ritz and Wilhelm  2008 ). 

 Several hypotheses have been proposed that air pollution can affect the reproduc-
tive system causing negative effects, such as impairment of male and female repro-
ductive capacity, placental alterations and fetal health. 

 As we have previously described, exposure to air pollution is associated with 
detrimental pregnancy outcomes and these outcomes can be caused by a combina-
tion of maternal, fetal, and placental factors or a combination of them. . For  example, 
air pollution can affect the utero-placental and umbilical cord fl ow and consequently 
the transport for glucose and oxygen though the placenta (Veras et al.  2008 ,  2012 ; 
Ritz and Wilhelm  2008 ; Vorherr  1982 ). 

 According to the review of Kannan and collaborators (Kannan et al.  2006 ,  2007 ), 
the particulate matter present on the air pollution can affect pregnancy outcomes 
due to:

•    Increase in oxidative stress: an important mechanism of action PM can be the 
DNA damage induced by oxidative stress, also some metals in PM may inhibit 
the DNA repair enzymes.  

•   Infl ammation: Infl ammation could be associated with inadequate placental per-
fusion and impaired transplacental nutrient exchange, which may cause growth 
restriction in utero due to interference with some process or processes such as 
affecting nutrition of the fetus, reduced oxygenation of maternal blood, or both.  

•   Coagulation and blood pressure: PM exposures may increase any of the proteins 
of the clotting cascade, indicating a higher possibility for coagulation and may 
also lead to changes in hemoglobin, platelets, and white blood cells, which may 
potentially contribute to adverse fetal growth. PM exposure is also associated 
with elevations on the blood pressure in pregnant women and this could increase 
the risk of adverse outcomes, especially if there is preexisting hypertension 
(pregnancy-induced or not). Elevation of blood pressure in pregnant women has 
been associated with IUGR and preterm delivery.  

•   Hemodynamic responses: an impaired adaptation of maternal hemodynamic 
may lead to an impaired fetal growth. These changes may force the fetus to 
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adapt, down-regulate growth, and prioritize the development of essential 
tissues.  

•   Endothelial function: PM exposure may cause endothelial dysfunctions leading 
to vasoconstriction and could be considered as an intervening pathway in subse-
quent impact on fetal growth.    

 These pathways may or may not act independently, but it is more likely that the 
outcomes of the exposure to air pollution are an association among these pathways 
and they are probably related to the composition of the particulate matter (Saldiva 
et al.  2002 ). 

 There are evidences that the air pollution can affect not only the pregnancy but 
also the male and female reproductive fertility (Somers and Cooper  2009 ). 

 Based on epidemiological studies it was observed that exposure to air pollution 
affects fertility rates (Dejmek et al.  2000 ; Selevan et al.  2000 ) at different seminal 
parameters, motility and morphology and the sperm DNA (Rubes et al.  2005 ; 
Hansen et al.  2010 ; Jafarabadi  2007 ). 

 In a study conducted by Somers et al. ( 2002 ), a signifi cant elevation in mutation 
frequency was reported in the offspring of animals exposed to air pollution; primar-
ily through expanded simple tandem repeat (ESTR) DNA loci mutation events in 
the paternal germline. 

 In other studies conducted by Somers et al. ( 2004 ) and Yauk et al. ( 2008 ), they 
noted that ESTR mutation frequencies were also elevated the paternal germline of 
mice exposed to whole ambient air at the polluted industrial site, indicating that 
mutations were induced in spermatogonial stem cells. Maternal ESTR mutation 
frequencies were similar in all groups, and therefore unaffected by air pollution 
exposure (Somers et al.  2004 ). Bulky DNA adducts were not signifi cant, suggesting 
that DNA reactive chemicals do not reach the germ line and cause ESTR mutation. 
In contrast, DNA strand breaks were elevated after 3 weeks of exposure, possibly 
resulting from oxidative stress arising from exposure to air pollution and its particu-
late matter (Yauk et al.  2008 ). 

 Sperm DNA in mice exposed to whole ambient air was globally hypermethylated 
compared to those exposed to fi ltered air. These methylation changes appeared early 
in the environmental exposure and were still present after 6 weeks without the air 
pollution exposure. Persistent changes in the methylation status of genes may have 
health implications for the next generation through altered gene expression (Somers 
et al.  2004 ; Yauk et al.  2008 ). 

 Environmental toxicants can alter the female reproduction by direct mechanisms 
(hormone disruptors) or indirect (immunological toxicants). Direct effects typically 
occur if an environmental chemical is structurally similar to a molecule capable of 
interacting with endogenous reproductive organs. Indirect effects can occur if a 
chemical interferes with the hormonal action. Natural hormones are critical for 
development, behavior, puberty beginning, sexual function, and gametogenesis. 
Some environmental chemicals can mimic or block the action of the natural  hormone, 
thus negatively altering reproductive processes (McLachlan and Arnold  1996 ). 
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 As steroid hormones, some environmental toxicants are lipo-soluble and cross the 
cell membrane by passive diffusion, thereby allowing access to any animal cell. 
Once these chemicals cross the cell membrane, which may interact with steroid 
receptors, access to the nucleus as a dimer hormone-receptor induces the activation 
or suppression of genes causing a biological response (McLachlan and Arnold  1996 ). 

 Several compounds present in air pollution (heavy metals, environmental oestro-
gens, diesel and PAHs) are able to suppress or interfere with the regulation of the 
hypothalamic-pituitary-gonadal axis; resulting in changes in growth and develop-
ment of ovarian follicles and estrous cyclicity (Veras et al.  2009 ; Mamatsashvili 
 1970 ; Borgeest et al.  2004 ), affecting the whole process of pregnancy, including 
signaling pathways between the conceptus-mother or, the uterus preparation for 
implantation (Hoyer and Sipes  1996 ; Mattison and Thomford  1989 ; Tsukue et al. 
 2001 ; Takeda et al.  2004 ; Telisman et al.  2007 ). However, the specifi c contaminants 
that caused sperm damage and the potential impact on fertility or pregnancy out-
comes were undetermined (Somers  2011 ). 

 PAHs in air pollution have the capacity to bind to steroid receptors, mimicking 
their action, and thus altering the production of these hormones, which can result in 
adverse consequences for the development and reproductive health (Kristensen 
et al.  1995 ; Wenger et al.  2009 ; Han et al.  2010 ). For example, Hood ( 2006 ) in his 
study suggests that exposure prior to conception, both female as male, can lead to a 
hormonal dysregulation causing direct damage to the reproductive organs and 
gametes. 

 Studies suggest that PAHs are able to cross the placenta and reach fetal organs 
causing adverse reproductive outcomes, including; stillbirths, reabsorptions, con-
genital abnormalities, and decreases in fetal weight. The exposure to PAHs may 
lead to increased DNA adducts, resulting to LBW and intrauterine growth restric-
tion. Furthermore, the PM may bind receptors for placental growth factors leading 
to decreased fetal-placental exchange of oxygen and nutrients (Dejmek et al.  2000 ; 
Ritz and Wilhelm  2008 ).  

2.6     Prevention 

 There are suffi cient evidence of the harmful effects of exposures to environmental 
air pollution on reproductive health. Furthermore, it is clear that increased levels of 
air pollution are found in developing and underdeveloped countries in regions with 
high population density and higher fertility rates (Fig.  2.1 ). Although the risks asso-
ciated with the negative reproductive outcomes tend to be small, the number of 
people that might be affected is signifi cantly large. Furthermore, if we consider that 
negative infl uence on the initial stages of life (embryo/fetus) increases the risks of 
later life diseases, such as diabetes, metabolic syndromes and cardiovascular dis-
eases (Osmond and Barker  2000 ; Gluckman and Hanson  2004 ) exposures to air 
pollution during pregnancy would have a profound impact in public health  strategies 
to prevent most common health issues  
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  Fig. 2.1    Global scenario of gestational exposure to air pollution. The map compares the total 
births per women in 2009 (data from the World Bank) ( a ) (World Bank  2013a ) with the annual 
mean concentration of particulate matter of 10 μm or less (PM10) in the same year (data from the 
World Bank) ( b ) (World Bank  2013b ), showing that reproductive health consequences from air 
pollution exposure is a major concern in the developing nations where a growing population is 
being exposed to levels of particulate air pollution above the WHO recommended limits       
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 The most effective way to reduce health risks associated with air pollution is to 
implement air quality management strategies and National Air Quality Standards 
(Thurston and Balmes  2012 ). The U.S. Environmental Protection Agency (EPA) 
projections that by 2020 adherence to the Clean Air Act standard for ozone alone 
will prevent 230 million premature deaths and 280 infant–mortalities (EPA  2011 ). 
Indeed, increasingly stringent (NAQS) already proved effectiveness in improving 
air quality in the United States and Western Europe in recent decades (Van Erp et al. 
 2008 ) and a global analysis concluded that fl exible air quality standards lead to 
higher air pollution concentrations (Vahlsing and Smith  2012 ).  

2.7     Concluding Remarks 

 Epidemiologic and experimental evidences converge to indicate that air pollution, at 
the current levels, play a deleterious role on reproductive function. In addition to the 
scientifi c questions raised from the aforementioned evidences presented in this 
chapter – which are the mechanisms, which are the most important pollutants or are 
the observed effects the result of a mixture of mixtures – some ethical consider-
ations emerged at this moment. Indeed, the options of energy use, industrial produc-
tion and mobility made by our and our preceding generations, may be affecting 
those that did not participate in the decision process. Moreover, there is a marked 
contrast in ambient air pollution concentrations, creating an uneven attributable risk 
across the globe. As a general rule, air pollution is the result of bad technologies, 
usually present in the less privileged countries. These points deserve serious consid-
eration when translating knowledge into public policies aimed to protect children 
globally.     
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    Chapter 3   
 Air Pollution and Pregnancy Outcomes 

             Sharon     Edwards     ,     Pamela     Maxson     ,     Nicole     Sandberg     , 
and     Marie     Lynn     Miranda     

3.1            Introduction 

 Adverse pregnancy outcomes – like low birth weight, preterm birth, intrauterine 
growth restriction, and small for gestational age – have long been recognized as a 
signifi cant public health concern, with signifi cant short and long term health, social, 
and economic consequences for the children, their families, and the community. Of 
additional concern, poor pregnancy outcomes are characterized by pronounced 
health disparities, with low income and racial/ethnic minority mothers having sig-
nifi cantly worse outcomes. While the United States has worked aggressively to 
reduce poor pregnancy outcomes, especially through programs emphasizing univer-
sal access to good prenatal care, disparities remain. For example, in 2011, 16.75 % 
of births to non-Hispanic black mothers were preterm and 13.33 % were low birth 
weight, while 10.49 % of births to non-Hispanic white mothers were preterm and 
7.09 % were low birth weight (Hamilton et al.  2012 ). Further, these disparities vary 
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regionally, as highlighted by the maps of state 2010 preterm birth rates displayed in 
Fig.  3.1  (U.S.Centers for Disease Control and Prevention  2013 ).  

 In trying to understand the causes of both poor pregnancy outcomes, patterns of 
disparities may be informative. Of note, many environmental exposures dispropor-
tionately affect low income and racial/ethnic minority populations. In 2010, the 
U.S. Environmental Protection Agency estimated that 123.8 million people were 
living in U.S. counties with concentrations of one or more air pollutants above the 
level of the National Ambient Air Quality Standards (NAAQS) (U.S.Environmental 
Protection Agency  2011 ). Based on estimates from 2006 to 2009, 26.2 % of 
Hispanics and 15.2 % of African Americans, compared to 9.7 % of Caucasians, live 
in counties failing to meet PM 2.5  standards and 48.4 % of Hispanics and 40 % of 
African Americans, compared to 32 % of Caucasians, live in counties failing to 
meet ozone standards (Yip et al.  2011 ). Figure  3.2  depicts the percentage of non- 
Hispanic whites and non-Hispanic blacks that live along the spectrum of air quality 
for PM 2.5  based on a grading methodology defi ned by the American Lung Association 
in which areas receiving an “A” grade have the best air quality and areas receiving 
an “F” grade have the poorest air quality (American Lung Association  2011 ).  

  Fig. 3.1    US 2010 preterm birth rates by race. Note, 7.6 % was the Healthy People 2010 target 
(U.S.Centers for Disease Control and Prevention  2013 )       
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 The disproportionate exposure burden borne by disadvantaged populations, cou-
pled with persistent disparities in health outcomes, has led to extensive investiga-
tions into the relationship between environmental exposures and adverse health 
outcomes, including poor pregnancy outcomes. While previous research covers 
many different types of exposures and health endpoints, in this chapter, we focus on 
the impact that air pollution may have on poor pregnancy outcomes.  

3.2     Long Term and Short Term Importance 
of Pregnancy Outcomes 

 Adverse pregnancy outcomes, including low birth weight, preterm delivery, and 
fetal growth restriction, have signifi cant implications for affected children’s mor-
bidity and mortality. Preterm birth and low birth weight are leading causes of neo-
natal and infant mortality, as well as short and long term morbidity (Behrman and 
Butler  2007 ; Hack et al.  1995 ). Childhood health conditions associated with poor 
pregnancy outcomes include respiratory distress syndrome (Lemons et al.  2001 ), 
variable heart rate (Doussard-Roosevelt et al.  1997 ), and cerebral ventriculomegaly 
(Ment et al.  1999 ). Delays and decrements in development, including mental retar-
dation (Lorenz et al.  1998 ; Crofts et al.  1998 ), vision and hearing diffi culties 
(Avchen et al.  2001 ), learning disabilities (Saigal et al.  2000 ; Resnick et al.  1999 ), 
lower academic achievement and attainment (Swamy et al.  2008 ), increased special 
education needs (Petrou  2005 ), behavioral disabilities (Ross et al.  1990 ), and motor 
impairment (Osmond et al.  1993 ; Weiss et al.  2004 ), are also associated with adverse 
pregnancy outcomes. Long term, health consequences include increased risk of dia-
betes, obesity, cardiovascular disease, and other health problems in adulthood 
(Osmond et al.  1993 ; Weiss et al.  2004 ; Barker et al.  1993 ). Later reproductive abil-
ity and pregnancy outcomes in subsequent generations are also affected by preg-
nancy outcomes (Swamy et al.  2008 ). 

 These short and long term effects also generate substantial costs, including health 
care costs incurred by their families and communities. In the immediate term, 

  Fig. 3.2    For populations 
living in areas with a PM 2.5  
air pollution grade from the 
American Lung Association, 
proportion living in areas 
with different air quality 
grades (American Lung 
Association  2011 )       
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infants born prematurely or with sub-optimal fetal growth patterns experience 
longer birth hospitalizations (Wang et al.  2004 ) and increased medical system utili-
zation (Stevenson et al.  1996 ) compared to healthy infants. In 2006, the estimated 
annual cost of preterm birth in the United States was roughly $26 billion, or approx-
imately $51,600 per preterm infant; two-thirds of these costs were related to medi-
cal care (Behrman and Butler  2007 ). As these children grow, programs to address 
developmental delays and disabilities may also be necessary, costing both families 
and education systems signifi cantly (Weiland et al.  2011 ; Lipkind et al.  2012 ; Robb 
et al.  2011 ). Finally, the increased risk of adult health issues associated with poor 
pregnancy outcomes have long term implications for health care costs (Heidenreich 
et al.  2011 ; Zhang et al.  2010 ; Wang et al.  2011 ). Thus, understanding and amelio-
rating the impact of air pollution on adverse pregnancy outcomes could contribute 
toward improving the overall health of current and future generations, as well as 
containment of health care costs.  

3.3     A Review of Previous Research 

 There is a long history of research as to the effects air pollution may have on poor 
pregnancy outcomes (Glinianaia et al.  2004 ; Wang et al.  1997 ; Sram et al.  2005 ; 
Bobak and Leon  1999 ). We undertook a review of the recent literature on the topic 
in order to summarize the current state of understanding. The literature review was 
completed using the PubMed database maintained by the National Center for 
Biotechnology Information, located at the National Institutes of Health. We limited 
our review to a subset of ambient outdoor air pollutants and pregnancy outcomes. 
Pollutant keywords included: particulate matter, sulfur dioxide, ozone, total sus-
pended particles, black smoke, toxic metals, nitrous oxide, nitrogen oxide, nitrogen 
dioxide, carbon monoxide, polycyclic aromatic hydrocarbons, traffi c, emissions, 
proximity to road, and dioxin. Outcome keywords included: birth weight, preterm 
birth, small for gestational age, intrauterine growth restriction, and intrauterine 
growth retardation. Each possible combination of pollutant keywords and outcome 
keywords was searched in all fi elds (e.g. ozone and birth weight, ozone and preterm 
birth, etc). 

 After removing duplicates and restricting to publications released between 
January 1, 2000 and December 31, 2012, we were left with 398 articles. A title and 
abstract review eliminated 243 articles which studied indoor air pollution expo-
sures, accidental/occupational air pollution exposures, tobacco-related exposures, 
or outcomes other than those focused on here. Upon further review, we excluded 21 
articles that were unrelated, commentaries, not in English, or could not be accessed. 
After comparing our results to the references of selected review articles, we found 
an additional fi ve articles that were not previously captured. This approach resulted 
in 139 articles, of which 16 were reviews. 

 These articles focus on exposures to criteria air pollutants (carbon monoxide 
[CO], particulate matter [PM], nitrogen dioxide [NO 2 ], sulfur dioxide [SO 2 ], and 
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ozone [O 3 ]), polycyclic aromatic hydrocarbons (PAHs), and traffi c-related air pollu-
tion during pregnancy. PM is composed of many constituent components, and some 
studies attempt to differentiate among the species of particles; however, here we 
focus on studies utilizing the composite measures of PM 10  (coarse PM; particles <10 
μm in diameter) and PM 2.5  (fi ne PM; particles ≤2.5 μm in diameter). Similarly, 
traffi c- related air pollution is composed of many chemicals, particulates, and air 
toxics. Studies focusing on traffi c-related air pollution tend to use proxies or par-
ticular chemical markers for this mixture of pollutants. 

 We extracted information on six pregnancy outcome measures: continuous birth 
weight, low birth weight, continuous gestational age, preterm birth, small for gesta-
tional age, and term low birth weight. Continuous birth weight is most commonly 
measured in grams, and low birth weight is a binary classifi cation indicating a birth 
weight of less than 2,500 g. Continuous gestational age is measured as the number 
of weeks of gestation that have been completed prior to delivery, and preterm birth 
is a binary classifi cation indicating a birth at less than 37 weeks of gestation. The 
fi nal two outcomes, small for gestational age and term low birth weight attempt to 
account for both birth weight and length of gestation by characterizing the rate of 
fetal growth. Small for gestational age is a binary classifi cation indicating an infant 
weighing in the bottom 10 % of all infants born at the same gestational age. Term 
low birth weight is also a binary classifi cation of fetal growth, indicating infants 
born at 37 or more weeks of gestation but failing to reach the expected birth weight 
range of at least 2,500 g. Low birth weight and preterm birth have a long history as 
public health indicators and are the most familiar pregnancy outcomes; however, all 
six outcomes have numerous short and long term risks to child health and develop-
ment. Additionally, these outcomes are often correlated and do not occur in isola-
tion. For example, birth weight and gestational age are highly correlated, even in the 
presence of growth restriction. Consequently, we cannot rank the pregnancy out-
comes in terms of relative importance, but rather emphasize the overall importance 
of achieving the best possible outcomes across measures. 

 Table  3.1  provides the distribution of articles by pollutants and outcomes consid-
ered. Note that the article counts do not add up to the number of articles found in the 
literature review as most articles explored both multiple pollutants and pregnancy 
outcomes.

   Table 3.1    Article count by pollutant and outcome   

 Pollutant 

 Outcome  CO  O 3   PM 10   PM 2.5   SO 2   NO 2   PAHs  Traffi c-related 

 Birth weight  11  9  21  20  13  22  7  8 
 Low birth weight  9  5  9  4  10  9  1  3 
 Gestational age  2  1  2  3  0  0  1  1 
 Preterm birth  10  14  18  13  8  20  2  6 
 Small for gestational age  7  8  10  8  5  13  4  5 
 Term low birth weight  7  8  12  8  7  11  2  4 
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3.3.1       Air Pollution and Length of Gestation 

3.3.1.1     Continuous Gestational Age 

 Gestational age is the number of completed weeks of gestation at the time of delivery. 
Current research offers a very limited understanding of the association between 
continuous measures of gestational age and air pollution, as relatively few studies 
have considered continuous gestational age as an outcome. One study based on birth 
registry data in New Jersey found that, when controlling for air pollution exposure 
during each of the three trimesters, exposure to higher levels of CO during the third 
trimester was associated with shorter gestations (Currie et al.  2009 ). This study did 
not observe associations between trimester exposures to PM 10  or O 3  and length of 
gestation (Currie et al.  2009 ). A study in Sweden, however, observed decrements in 
length of gestation associated with second trimester and pregnancy length exposure 
to O 3  (Olsson et al.  2012 ). Exposure to SO 2  during early pregnancy was associated 
with reduced length of gestation among a cohort of women living near a Croatian 
coal-fi red power plant (Mohorovic  2004 ). Road density, a metric for traffi c-related 
air pollution, was also found to be negatively associated with continuous gestational 
age (Barnett et al.  2011 ). No association was found between continuous gestational 
age and PM 2.5  (Jedrychowski et al.  2004 ) or PAH (Masters et al.  2007 ) exposure 
during the second trimester of pregnancy, and our review did not fi nd any studies of 
the effect of NO 2  on gestational age. 

 With only six studies specifi cally considering continuous gestational age as an 
outcome and little overlap of pollutants across these studies, we are unable to draw 
general conclusions regarding the effect of air pollution on continuous length of 
gestation. While the short and long term implications of preterm birth are well- 
documented, recent studies have described differences in long term health and 
development by gestational age at delivery even among children born at term 
(≥37 weeks), highlighting the importance of understanding the relationship between 
air pollution and continuous gestational age. Further research in this area is neces-
sary to better understand how air pollution may affect gestation across the full spec-
trum of gestational ages, even those extending into the term range.  

3.3.1.2     Preterm Birth 

 Preterm birth (PTB; <37 week of gestation at delivery), in contrast to continuous 
gestational age, is a well-studied pregnancy outcome in the air pollution literature. 
Each of the criteria air pollutants, as well as traffi c-related air pollution, has been 
associated with increased likelihood of PTB in studies varying in geographic loca-
tion, pollution level, and exposure windows; however, other studies have also 
reported null fi ndings between air pollution and PTB. Estimated increases in risk of 
PTB were generally small, but signifi cant, especially among some subpopulations. 
PAH has also been associated with PTB; however, the evidence to date is quite 
limited. 
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 Studies of the effect of CO exposure during pregnancy on the risk of PTB have 
generally focused on early and late pregnancy exposure windows and trimesters. 
One study did consider pregnancy-length exposure to CO, but did not fi nd a rela-
tionship between exposure and PTB (Huynh et al.  2006 ). Early pregnancy exposure 
to CO, including exposures during the fi rst month and fi rst trimester of pregnancy, 
has been linked to increased likelihood of PTB (Ritz et al.  2000 ,  2007 ; Wilhelm and 
Ritz  2005 ). A study in Los Angeles, California, noted that fi rst trimester CO exhib-
ited a larger effect on the odds of PTB with high co-exposure to PM 2.5  (Ritz et al. 
 2007 ). On the other hand, several studies did not fi nd associations between CO 
exposure during early pregnancy and PTB (Huynh et al.  2006 ; Jalaludin et al.  2007 ; 
Rudra et al.  2011 ). Inconsistent results were also observed for CO exposure later in 
pregnancy, with increases in PTB associated with CO during the last month (Liu 
et al.  2003 ; Wilhelm et al.  2011 ) and last 6 weeks (Ritz et al.  2000 ; Wilhelm and 
Ritz  2005 ) of pregnancy in some studies, but not in others (Huynh et al.  2006 ; 
Jalaludin et al.  2007 ; Rudra et al.  2011 ). 

 Increased risk of PTB has also been associated with O 3  exposure, primarily dur-
ing early pregnancy. Higher levels of O 3  during the fi rst 5 weeks (Huynh et al.  2006 ) 
and fi rst trimester (Olsson et al.  2012 ; Jalaludin et al.  2007 ; Hansen et al.  2006 ; Lee 
et al.  2012 ; Kim et al.  2007 ) of pregnancy increased risk of PTB in some studies; 
however, results from a study in Sydney, Australia, were dependent on spatial scale, 
with the effect of fi rst trimester O 3  signifi cantly associated with PTB using a metro- 
wide exposure measure, but not signifi cant for women living within 5 km of a moni-
tor (Jalaludin et al.  2007 ). Exposure to O 3  during the last 3 months of pregnancy 
(Jalaludin et al.  2007 ; Hansen et al.  2006 ), 6 weeks prior to delivery (Kim et al. 
 2007 ; Lee et al.  2008 ), or the third trimester (Hansen et al.  2006 ) were generally not 
signifi cantly associated with PTB in any of the studies reviewed. One study, con-
ducted in Seoul, South Korea, did observe increased risk of PTB with increasing O 3  
exposure during the third trimester (Kim et al.  2007 ), and another study, conducted 
in Los Angeles, CA, found no consistent relationship between ozone exposure dur-
ing pregnancy and PTB (Ritz et al.  2007 ). 

 PTB has been linked with coarse particulate matter, PM 10 , exposure throughout 
pregnancy in studies of varying populations and across varying levels of exposure. 
PM 10  exposure during the fi rst month (Ritz et al.  2000 ; Hansen et al.  2006 ), fi rst 
trimester (Hansen et al.  2006 ), third trimester (Suh et al.  2008 ), last 6 weeks (Ritz 
et al.  2000 ), and last few days (Zhao et al.  2011 ) of pregnancy have been signifi -
cantly associated with increased risk of PTB. Suh et al. found PM 10  exposure dur-
ing each trimester to increase the risk of PTB, with exposure during the fi rst and 
third trimesters being of particular concern (Suh et al.  2009 ). Similar to other pol-
lutants, results were not consistently signifi cant across all studies (Wilhelm and 
Ritz  2005 ; Jalaludin et al.  2007 ; Hansen et al.  2006 ; Lee et al.  2008 ; Sagiv et al. 
 2005 ). These differences may be due to a variety of exposure assessment and study 
design conditions, as well as variations in study population vulnerability. For 
example, one study observed variations in genetic susceptibility to PM 10  exposure, 
with third trimester exposure being differentially associated with PTB by genotype 
(Suh et al.  2008 ). 
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 Fine particulate matter, PM 2.5 , exposure throughout pregnancy has also been sig-
nifi cantly associated with increased PTB. Higher levels of pregnancy-length expo-
sure to PM 2.5  have been consistently associated with increased risk of PTB (Huynh 
et al.  2006 ; Wu et al.  2009 ; Chang et al.  2012 ; van den Hooven et al.  2012 ). In one 
study that included multi-pollutant models, these results were robust to control for 
co-pollutants (Huynh et al.  2006 ). Exposure to PM 2.5  during the fi rst and second 
trimesters have also been linked to PTB in some (Lee et al.  2012 ; Chang et al.  2012 ), 
but not all studies (Jalaludin et al.  2007 ; Rudra et al.  2011 ; van den Hooven et al. 
 2012 ). The susceptibility of these results to study design is highlighted by a study in 
Sydney, Australia, which found a signifi cant association between last 3 month PM 2.5  
and PTB for women within 5 km of a monitoring site, but not in models using 
metro-wide exposure levels. Considering even smaller windows of exposure also 
revealed inconsistent results. One study observed associations between PM 2.5  and 
PTB during only the 4th through 22nd weeks of pregnancy (Warren et al.  2012 ), 
while other studies observed increased PTB associated with exposure during the 
fi rst month and last 2 weeks of pregnancy (Huynh et al.  2006 ). 

 Fewer studies have considered NO 2  in relation to PTB, and results from these 
studies are unclear for all windows of exposure. Pregnancy-length exposure to NO 2  
was associated with PTB in two studies (Wu et al.  2009 ; Llop et al.  2010 ), but not a 
third (Gehring et al.  2011a ). While Llop et al. found increased risk of PTB with NO 2  
exposure during the second and third but not the fi rst trimester (Llop et al.  2010 ) in 
a Spanish population, Maroziene and Grazuleviciene found the opposite result for 
each trimester in a Lithuanian population (Maroziene and Grazuleviciene  2002 ). 
Two other studies found no associations between NO 2  exposure during any trimes-
ter and PTB (Ritz et al.  2007 ; Gehring et al.  2011a ). NO 2  levels during the fi rst 3 
months and last 3 months of pregnancy were not found to be associated with PTB 
(Jalaludin et al.  2007 ; Hansen et al.  2006 ). Short term exposure windows in late 
pregnancy, such as the last month or last 6 weeks, however, were generally  associated 
with higher risk of PTB (Wilhelm et al.  2011 ; Zhao et al.  2011 ; Satrell et al.  2012 ; 
Darrow et al.  2009 ), although one study did not fi nd an association between PTB 
and NO 2  exposure during the last month of pregnancy (Jalaludin et al.  2007 ). 

 The effect of SO 2  on risk of PTB has also not been as well-studied as particulate 
matter, CO, and O 3 ; however, there is some evidence that SO 2  increases the risk of 
PTB. Bobak observed a signifi cant association between pregnancy-length exposure 
to SO 2  and PTB (Bobak  2000 ). Shorter term exposures during late pregnancy, cap-
turing just a few days before delivery, were observed to increase the risk of PTB 
(Zhao et al.  2011 ), while longer exposure windows in late pregnancy, such as the 6 
weeks or 3 months before delivery, were not associated with PTB (Jalaludin et al. 
 2007 ; Sagiv et al.  2005 ; Darrow et al.  2009 ). One study did not fi nd an association 
between SO 2  in the last month of pregnancy and PTB (Jalaludin et al.  2007 ); how-
ever, another study did observe a signifi cant association between SO 2  levels in the 
last month of pregnancy and PTB, even when controlling for co-pollutant levels 
(Liu et al.  2003 ). Early pregnancy SO 2  exposures did not appear to be associated 
with an increased risk of PTB (Jalaludin et al.  2007 ; Darrow et al.  2009 ), although 
geographic scale seemed to impact the fi ndings for fi rst trimester SO 2  exposure 
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(Jalaludin et al.  2007 ). Further exploration of the relationship between PTB and SO 2  
exposure is warranted. 

 Studies exploring the relationship between PTB and traffi c-related air pollution 
fairly consistently observed an increased risk of PTB among women exposed to 
higher levels of traffi c-related air pollution (Yang et al.  2003a ; Ponce et al.  2005 ; 
Wilhelm and Ritz  2003 ; Miranda et al.  2013 ; Genereux et al.  2008 ). Results are dif-
fi cult to compare across studies, since proximity to roadway and traffi c density 
exposure metrics were constructed differently across studies. In a Taiwanese study, 
maternal residence within 500 m of a freeway was associated with a 30 % increase 
in the odds of PTB (Yang et al.  2003a ), while residence with 250 m of a major road 
in North Carolina was associated with a 4 % increase in the odds of a PTB (Miranda 
et al.  2013 ). Two studies in Los Angeles, CA, found the relationship between traffi c- 
related air pollution and PTB varied by season and socioeconomic status (Ponce 
et al.  2005 ; Wilhelm and Ritz  2003 ). One study in our review did not fi nd a signifi -
cant association between either traffi c density or road proximity and risk of PTB 
(van den Hooven et al.  2009 ). Benzene exposure, which can also serve as a proxy 
for exposure to the mixture of pollutants comprising traffi c-related air pollution 
(Slama et al.  2009 ), was also found to be associated with an increased risk of PTB 
(Wilhelm et al.  2011 ; Llop et al.  2010 ). 

 Finally, our review captured only two studies exploring the relationship between 
PTB and PAH exposure. In both studies, higher exposure to PAHs was associated 
with increased risk of PTB. Signifi cant relationships were observed for PAH expo-
sures (Wilhelm et al.  2011 ; Choi et al.  2008 ). Choi et al. explored disparities in 
vulnerability to PAHs, fi nding that third trimester PAH exposure increased the risk 
of PTB among African American women in New York City, but not among 
Dominican women in the same geographic area (Choi et al.  2008 ). Further explora-
tion of the relationship between PTB and PAH exposure is warranted.   

3.3.2     Air Pollution and Birth Weight 

3.3.2.1     Continuous Birth Weight 

 There is an extensive research literature exploring the association between air pol-
lution and birth weight. While not all studies have found higher air pollution levels 
to be linked with decrements in birth weight, there is evidence of small reductions 
in birth weight associated with each of the criteria air pollutants. 

 Numerous studies observed decrements in birth weight associated with CO 
exposure during pregnancy. These associations were noted for exposures measured 
for the entire pregnancy (Bell et al.  2007 ; Morello-Frosch et al.  2010 ), fi rst trimester 
(Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Medeiros and Gouveia  2005 ; Salam 
et al.  2005 ), second trimester (Mannes et al.  2005 ), and third trimester (Currie et al. 
 2009 ; Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Mannes et al.  2005 ). A few stud-
ies did not fi nd signifi cant associations for some of these exposure windows (Currie 
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et al.  2009 ; Mannes et al.  2005 ; Geer et al.  2012 ). On the other hand, two studies 
reported increasing birth weight with increasing CO during the second or third tri-
mester (Morello-Frosch et al.  2010 ; Medeiros and Gouveia  2005 ). 

 Most studies of O 3  did not observe changes in birth weight associated with expo-
sure during various windows of pregnancy, including trimesters and months (Currie 
et al.  2009 ; Medeiros and Gouveia  2005 ; Mannes et al.  2005 ; Hansen et al.  2007 ). 
Three US studies, however, found O 3  exposure during the entire pregnancy or spe-
cifi c trimesters was associated with decrements in birth weight (Morello-Frosch 
et al.  2010 ; Salam et al.  2005 ; Geer et al.  2012 ). 

 Associations between PM 2.5  and birth weight have been well-studied, with higher 
levels of pregnancy-length PM 2.5  exposure associated with lower birth weight 
(Jedrychowski et al.  2004 ,  2009 ; van den Hooven et al.  2012 ; Bell et al.  2007 ; 
Morello-Frosch et al.  2010 ; Gray et al.  2010 ; Parker et al.  2005 ; Slama et al.  2010 ). 
Two studies, however, did not observe such associations (Parker and Woodruff 
 2008 ; Berrocal et al.  2011 ). Results from studies exploring trimester-length expo-
sure are more varied. Exposures to PM 2.5  during each trimester have been associated 
with decrements in birth weight (Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Gray 
et al.  2010 ), but studies have also reported null fi ndings for each trimester (Mannes 
et al.  2005 ; Geer et al.  2012 ; Gray et al.  2010 ; Parker and Woodruff  2008 ). 
Information on shorter windows of exposure is more limited, with one study observ-
ing association between PM 2.5  during the last 30 and 90 days of pregnancy and birth 
weight (van den Hooven et al.  2012 ), and another study noting no association 
between PM 2.5  during the last month of pregnancy and birth weight (Mannes et al. 
 2005 ). Race (Bell et al.  2007 ), genotype (Slama et al.  2010 ), and components of 
PM 2.5  (Bell et al.  2010 ,  2012 ) may all affect the strength and/or existence of associa-
tions between birth weight and PM 2.5 . 

 The relationship between PM 10  exposure and birth weight is not as well-studied 
as that between PM 2.5  and birth weight, yet exposure to PM 10  throughout pregnancy 
has generally been associated with lower birth weights (Bell et al.  2007 ; 
 Morello- Frosch et al.  2010 ; Geer et al.  2012 ; Gray et al.  2010 ; Parker and Woodruff 
 2008 ). Two studies observed no such association (Gehring et al.  2011b ; Rahmalia 
et al.  2012 ). Although some studies have reported no association between trimester 
exposures and birth weight (Currie et al.  2009 ; Geer et al.  2012 ; Hansen et al.  2007 ; 
Gehring et al.  2011b ; Rahmalia et al.  2012 ), decrements in birth weight have been 
associated with PM 10  exposure during the fi rst (Morello-Frosch et al.  2010 ; Medeiros 
and Gouveia  2005 ; Parker and Woodruff  2008 ; Suh et al.  2007 ; Yang et al.  2003b ), 
second (Morello-Frosch et al.  2010 ; Mannes et al.  2005 ; Parker and Woodruff 
 2008 ), and third trimesters (Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Medeiros 
and Gouveia  2005 ; Salam et al.  2005 ; Gray et al.  2010 ; Parker and Woodruff  2008 ). 

 Pregnancy-length exposure to NO 2  has not been associated with birth weight 
(Gehring et al.  2011a ,  b ; Geer et al.  2012 ; Iniguez et al.  2012 ; Estarlich et al.  2011 ; 
Kashima et al.  2011 ; Lepeule et al.  2010 ; Hitosugi et al.  2009 ), with the exception 
of two studies in higher pollution areas in California and New England, which noted 
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small decrements in birth weight with increasing NO 2  exposure (Bell et al.  2007 ; 
Morello-Frosch et al.  2010 ). Results are less consistent for trimester-length expo-
sure. Some studies observed no associations between birth weight and NO 2  in any 
trimester (Gehring et al.  2011a ; Geer et al.  2012 ; Hansen et al.  2007 ; Estarlich et al. 
 2011 ; Malmqvist et al.  2011 ). On the other hand, several studies found NO 2  during 
the fi rst trimester to generally be associated with lower birth weight (Bell et al. 
 2007 ; Morello-Frosch et al.  2010 ; Medeiros and Gouveia  2005 ; Lepeule et al.  2010 ; 
Hitosugi et al.  2009 ), and two studies reporting no association in the same window 
of exposure (Mannes et al.  2005 ; Gehring et al.  2011b ). Exposures in the second and 
third trimester were associated with decrements in birth weight (Mannes et al.  2005 ; 
Aguilera et al.  2009 ) in as many studies as reported null fi ndings for these exposure 
windows (Medeiros and Gouveia  2005 ; Lepeule et al.  2010 ). As a further complica-
tion of our understanding of the relationship between NO 2  and birth weight, a study 
in Brazil observed higher birth weights associated with increasing NO 2  exposure 
during the third trimester of pregnancy (Medeiros and Gouveia  2005 ). 

 Several studies have explored the association between SO 2  and birth weight, 
revealing early pregnancy as a key window of exposure. Decrements in birth weight 
were consistently observed with higher SO 2  levels during the fi rst trimester (Bell 
et al.  2007 ; Medeiros and Gouveia  2005 ; Yang et al.  2003b ; Williams et al.  2007 ) 
and during the fi rst 2 months of pregnancy (Medeiros and Gouveia  2005 ). Pregnancy- 
length exposure was generally not associated with birth weight (Bell et al.  2007 ; 
Rahmalia et al.  2012 ), although one study did note an association for pregnancy- 
length SO 2  (Geer et al.  2012 ). In contrast with most studies of air pollutants and 
birth weight, a couple studies observed increasing birth weight with exposure to 
SO 2  during the entire pregnancy (Morello-Frosch et al.  2010 ), as well as the second 
and third trimesters (Medeiros and Gouveia  2005 ). 

 Proximity to highways and major roadways, a proxy for traffi c-related air pollu-
tion exposure, has not been signifi cantly associated with reductions in birth weight 
(Barnett et al.  2011 ; Miranda et al.  2013 ; van den Hooven et al.  2009 ; Kashima et al. 
 2011 ; Yorifuji et al.  2012 ). Studies operationalizing traffi c-related air pollution 
exposure using traffi c density provided mixed results (van den Hooven et al.  2009 ; 
Kashima et al.  2011 ; Malmqvist et al.  2011 ; Zeka et al.  2008 ). Differences in fi nd-
ings across studies may be related to variation in defi nitions of road categories and 
mixture of vehicular traffi c (Kashima et al.  2011 ). 

 Compared to the criteria air pollutants, studies of the effect of PAH exposure on 
birth weight are still limited. While some studies observed no association between 
exposure and birth weight (Masters et al.  2007 ; Tang et al.  2006 ; Perera et al.  2004 ), 
several studies have reported decrements in birth weight with increasing PAH levels 
(Choi et al.  2006 ,  2012 ; Perera et al.  2003 ; Choi and Perera  2012 ). The effect of 
PAH air pollution exposure varied by maternal characteristics, including race/eth-
nicity (Choi et al.  2006 ; Perera et al.  2003 ), obesity status, and food-related PAH 
exposures (Choi and Perera  2012 ). More studies with large sample sizes are needed 
to better understand relationships between birth weight and PAH exposure.  
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3.3.2.2     Low Birth Weight 

 Air pollution exposure and low birth weight (LBW; <2,500 g) is moderately well- 
studied in the literature. Many studies aimed at exploring LBW as an outcome, 
however, actually model term LBW (LBW at 37 weeks or later), which is one way 
to operationalize fetal growth as an outcome. In this section, we focus on the fi nd-
ings from studies of LBW across gestational ages, saving a description of the results 
for term LBW for Sect.  3.3 , where we discuss air pollution and fetal growth. Thus, 
little evidence is available describing associations between LBW regardless of ges-
tational age at delivery and the criteria air pollutants. Additionally, our review iden-
tifi ed no studies exploring the relationship between LBW and PAH exposure during 
pregnancy. 

 In general, higher levels of exposure to CO during the entire gestational period 
were not signifi cantly associated with risk of LBW (Bell et al.  2007 ; Lin et al. 
 2004a ), although at least one study did report an increased risk of LBW (Hoggatt 
et al.  2009 ). Trimester CO exposures provided mixed results, with some studies 
suggesting an increased risk of LBW associated with fi rst (Ha et al.  2001 ; Lee et al. 
 2003 ) and third trimester (Currie et al.  2009 ) CO, but other researchers reporting 
non-signifi cant fi ndings for trimester-length CO exposures (Currie et al.  2009 ; Lin 
et al.  2004a ; Ha et al.  2001 ; Lee et al.  2003 ). 

 Relatively few studies were available on O 3  and LBW. Interestingly, results pre-
sented by Ebisu et al. indicated higher levels of O 3  during the fi rst trimester may be 
protective against LBW (Ebisu and Bell  2012 ). Other studies generally found no 
effect of trimester or pregnancy-length O 3  exposure (Currie et al.  2009 ; Lin et al. 
 2004a ; Ha et al.  2001 ), with the exception of one study reporting an increased risk 
of LBW from exposure in the third trimester (Ha et al.  2001 ). 

 PM 10  and PM 2.5  were not widely studied in analyses modeling risk of LBW. For 
coarse particulate matter, PM 10 , results trended toward positive associations between 
exposure and LBW; however, no studies reported signifi cant effect estimates for 
PM 10  exposure in any trimester (Currie et al.  2009 ; Kim et al.  2007 ; Bell et al.  2007 ; 
Lin et al.  2004a ), 6 weeks before delivery (Kim et al.  2007 ), or the entire pregnancy 
period (Kim et al.  2007 ; Bell et al.  2007 ; Lin et al.  2004a ). Pregnancy-length expo-
sure to PM 2.5  was associated with LBW (Bell et al.  2007 ), as were levels of specifi c 
PM 2.5  component particles, including elemental carbon, titanium, zinc, potassium, 
and nickel (Bell et al.  2012 ; Ebisu and Bell  2012 ). 

 SO 2  exposures during the fi rst month (Liu et al.  2003 ), fi rst trimester (Bobak 
 2000 ; Ha et al.  2001 ), third trimester (Lin et al.  2004a ), and entire pregnancy (Bobak 
 2000 ; Lin et al.  2004a ) have been associated with elevated risk of LBW. However, 
contradictory results have also been reported, with some studies fi nding no associa-
tions and others fi nding results to be attenuated after adjustment for key covariates 
(Bobak  2000 ; Bell et al.  2007 ; Ha et al.  2001 ). The association between SO 2  expo-
sure during the fi rst month of pregnancy and LBW was robust to adjustment for 
exposures to co-pollutants (Liu et al.  2003 ). Similarly, the literature does not pro-
vide a consensus understanding of the association between NO 2  exposure during 
pregnancy and the risk of LBW. There is some evidence that higher levels of NO 2  
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exposures during the fi rst trimester (Ha et al.  2001 ) and entire pregnancy (Bell et al. 
 2007 ) are associated with increased LBW, but other fi ndings indicate a lack of asso-
ciation (Malmqvist et al.  2011 ; Lin et al.  2004a ). 

 The relationship between traffi c-related air pollution and LBW is being increas-
ingly explored in the literature. Although one study did not fi nd an association 
between LBW and traffi c density (Malmqvist et al.  2011 ), results have generally 
shown increasing traffi c-related air pollution increases risk of LBW. Maternal resi-
dence in close proximity to a highway or major roadway increased the odds of LBW 
in studies undertaken in Montreal, Canada (Genereux et al.  2008 ) and North 
Carolina, USA (Miranda et al.  2013 ). In addition, Genereux et al. noted that the 
effect of proximity to highways varied by maternal SES measures (Genereux et al. 
 2008 ). One study measured traffi c-related air pollution using traffi c density, observ-
ing increased risk of LBW associated with higher traffi c density, particularly among 
births in the fall/winter (Wilhelm and Ritz  2003 ).   

3.3.3      Air Pollution and Fetal Growth 

 Public health research has long focused on birth weight and gestational age, both 
categorically and to a somewhat lesser extent continuously, as these outcomes are 
straightforward to measure, commonly recorded in administrative datasets, linked 
to numerous long term outcomes, and easily understood by the public. Increasingly, 
however, the fi eld is focusing on fetal growth trajectory during pregnancy. Bringing 
together the related outcomes of gestational age and birth weight, fetal growth met-
rics aim to describe if an infant is developing at the expected rate. Research explor-
ing how fetal growth may be associated with maternal prenatal air pollution exposure 
is still fairly limited. 

3.3.3.1     Growth Restriction 

 Small for gestational age (SGA), also referred to as intrauterine growth restriction 
(IUGR) or fetal growth restriction (FGR), is the clinical threshold of concern for 
fetal growth, identifying infants weighing in the bottom 10 % of all infants at a 
given gestational age. Studies of air pollution and SGA are sparse, but have gener-
ally focused on trimester exposures to criteria air pollutants, PAHs, and traffi c- 
related air pollution. 

 Growth restriction has been associated with pregnancy-length exposure to PM 2.5  
and CO (Liu et al.  2007 ). Increased risk of SGA with higher levels of PM 2.5  expo-
sure in various trimesters has been observed, although specifi c trimesters of concern 
were not consistent across studies (Lee et al.  2012 ; Mannes et al.  2005 ; Liu et al. 
 2007 ; Rich et al.  2009 ). The risk of growth restriction or SGA was particularly ele-
vated for higher CO exposures during early gestational windows, including the fi rst 
two trimesters (Liu et al.  2003 ; Salam et al.  2005 ) and fi rst month of pregnancy (Liu 
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et al.  2003 ). Results have not always been consistent, however, with some studies 
reporting no signifi cant associations between trimester CO exposure and fetal 
growth outcomes (Mannes et al.  2005 ; Rich et al.  2009 ). The associations between 
CO exposure and thresholds of fetal growth were robust to adjustment for exposures 
to other air pollutants (Liu et al.  2003 ,  2007 ). 

 Pregnancy-length exposures to PM 10 , O 3 , and SO 2  have not been shown to 
increase the risk of SGA or growth restriction (Kim et al.  2007 ; Liu et al.  2007 ; 
Urbaniec et al.  2004 ). Evidence of a relationship between PM 10  exposure and SGA 
is mixed, with a few studies fi nding small associations between SGA and trimester 
PM 10  in select models (Kim et al.  2007 ; Mannes et al.  2005 ), but most studies fi nd-
ing no association between SGA and trimester (Lee et al.  2012 ; Mannes et al.  2005 ; 
Hansen et al.  2007 ), monthly (Hansen et al.  2007 ), or late pregnancy (Kim et al. 
 2007 ) PM 10  levels. O 3  exposure during the third trimester of pregnancy was found 
to be associated with fetal growth restriction in a single study (Salam et al.  2005 ); 
however, no other studies have documented a relationship between fetal growth and 
O 3  exposure throughout pregnancy (Liu et al.  2007 ), during specifi c trimesters (Lee 
et al.  2012 ; Mannes et al.  2005 ; Hansen et al.  2007 ; Liu et al.  2007 ), or the last 
month of pregnancy (Mannes et al.  2005 ). On the other hand, there is evidence that 
shorter windows of exposure to SO 2 , particularly in early pregnancy, may affect 
fetal growth, with some studies observing signifi cant associations for exposures 
during the fi rst two trimesters (Liu et al.  2003 ; Ballester et al.  2010 ) and fi rst month 
(Liu et al.  2003 ) of pregnancy, even with adjustment for other air pollutants (Liu 
et al.  2003 ). More examination of the relationship between SO 2  and fetal growth is 
warranted, particularly with some studies observing no association for trimester 
length exposures (Liu et al.  2007 ; Rich et al.  2009 ). 

 Findings for NO 2  exposure and growth restriction are also highly varying, mak-
ing interpretation and conclusions diffi cult. Many studies have observed no associa-
tion between SGA and NO 2  levels during the entire pregnancy (Gehring et al.  2011a ; 
Bobak  2000 ; Kashima et al.  2011 ), in any trimester (Gehring et al.  2011a ; Bobak 
 2000 ; Mannes et al.  2005 ; Hansen et al.  2007 ; Kashima et al.  2011 ; Rich et al. 
 2009 ), or any month of pregnancy (Mannes et al.  2005 ; Hansen et al.  2007 ). 
However, one study found an association between SGA and second and third tri-
mester exposures among women living within 5 km of an NO 2  monitor (Mannes 
et al.  2005 ). A study in Vancouver, Canada observed increased risk of growth 
restriction for women exposed to higher levels of NO 2  during the fi rst month of 
pregnancy (Liu et al.  2003 ), and results of a third study found pregnancy-length 
NO 2  exposure was associated with fetal growth restriction (Liu et al.  2007 ). 

 There is limited data with which to understand the relationship between PAH 
exposure and SGA. A Czech study found PAH exposure during the fi rst month of 
pregnancy to be associated with increased risk of growth restriction (Dejmek et al. 
 2000 ). Choi et al. found growth restriction to be associated with higher PAH levels 
(Choi et al.  2008 ,  2012 ; Choi and Perera  2012 ). These fi ndings varied by maternal 
characteristics, with differences in associations by obesity status (Choi and Perera 
 2012 ) and race/ethnicity (Choi et al.  2008 ). While most studies of PAH exposure 
and health do not measure PAH levels in multiple exposure windows, Choi et al. 
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explored trimester exposure levels among a small sample of women, fi nding signifi -
cant decrements in fetal growth associated with PAHs during the fi rst, but not sub-
sequent, trimesters (Choi et al.  2012 ). 

 Traffi c-related air pollution, as characterized by either proximity to roadways or 
traffi c density, was consistently not associated with risk of growth restriction 
(Miranda et al.  2013 ; Genereux et al.  2008 ; van den Hooven et al.  2009 ; Kashima 
et al.  2011 ).  

3.3.3.2     Term Low Birth Weight 

 A number of studies operationalize the outcome of fetal growth by modeling the 
association between air pollution and LBW among term births only (term LBW). 
Since babies born at term should be in the normal birth weight range (i.e., not 
LBW), term LBW is often considered a marker for fetal growth restriction (Ritz and 
Wilhelm  2008 ; Woodruff et al.  2009 ). Maisonet et al., however, highlight a need for 
caution in interpreting term LBW as the same outcomes as SGA, since the growth 
trajectory of babies delivered before 37 weeks are excluded from consideration in 
term LBW analyses (Maisonet et al.  2004 ). 

 Term LBW has not been as widely studied in the air pollution literature as other 
pregnancy outcomes. No articles exploring PAHs and term LBW were found by our 
review. CO exposure during pregnancy (Ebisu and Bell  2012 ) and the third trimester 
(Maisonet et al.  2001 ) were associated with increased risk of term LBW, but other 
studies found no association between CO and term LBW (Medeiros and Gouveia 
 2005 ; Gouveia et al.  2004 ). Pregnancy-length SO 2  exposure (Ebisu and Bell  2012 ) 
and second trimester SO 2  (Maisonet et al.  2001 ) were also associated with term 
LBW, but other studies did not report signifi cant (Medeiros and Gouveia  2005 ; 
Gouveia et al.  2004 ) or robust associations (Dugandzic et al.  2006 ). Associations 
between NO 2  and term LBW were generally non-signifi cant (Medeiros and Gouveia 
 2005 ; Kashima et al.  2011 ; Gouveia et al.  2004 ). While most studies observed no 
associations between O 3  and term LBW (Medeiros and Gouveia  2005 ; Gouveia 
et al.  2004 ; Dugandzic et al.  2006 ), higher O 3  during the fi rst trimester of pregnancy 
was found to be protective against term LBW in a Brazilian study (Ebisu and Bell 
 2012 ). Finally, one study did not report an association between traffi c-related air 
pollution, characterized as either proximity to roadways or traffi c density, and term 
LBW (Kashima et al.  2011 ); however, two other studies observed increased odds of 
term LBW as traffi c density or modeled traffi c-related pollution levels increased 
(Padula et al.  2012 ; Wilhelm et al.  2012 ). 

 Associations between term LBW and particulate matter are somewhat better 
studied. A meta-analysis (Dadvand et al.  2013 ) and a study attempting to implement 
a standardized study design across 14 populations (Parker et al.  2011 ) reported that 
higher levels of pregnancy-length PM 10  and PM 2.5  were associated with increased 
odds of term LBW. Variability in the effect of particulate matter across the geo-
graphically dispersed study populations considered was noted (Parker et al.  2011 ). 
In the meta-analysis, although no associations were found between term LBW and 
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trimester PM 2.5  exposure, PM 10  levels in each trimester were found to be associated 
with term LBW (Dadvand et al.  2013 ). Other studies investigating PM 10  exposure 
and term LBW either did not fi nd signifi cant associations (Medeiros and Gouveia 
 2005 ; Maisonet et al.  2001 ; Gouveia et al.  2004 ) or associations were not robust to 
adjustment to key covariates (Dugandzic et al.  2006 ).   

3.3.4     Summary of Findings by Pollutant 

3.3.4.1     Carbon Monoxide 

 Overall, the research on CO has demonstrated an effect on pregnancy outcomes, 
but there are inconsistencies across studies and outcomes. CO has been associated 
with a decrease in birth weight (Currie et al.  2009 ; Bell et al.  2007 ; Morello-
Frosch et al.  2010 ; Medeiros and Gouveia  2005 ; Salam et al.  2005 ; Mannes et al. 
 2005 ; Gouveia et al.  2004 ) and an increased risk of low birth weight (Currie et al. 
 2009 ; Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Hoggatt et al.  2009 ; Ha et al. 
 2001 ; Lee et al.  2003 ; Lin et al.  2004b ), with the most important windows of 
exposure appearing to be the fi rst and third trimesters (Maisonet et al.  2001 ), 
although no effect (Currie et al.  2009 ; Morello-Frosch et al.  2010 ; Medeiros and 
Gouveia  2005 ; Mannes et al.  2005 ; Geer et al.  2012 ; Lin et al.  2004a ; Ha et al. 
 2001 ; Seo et al.  2010 ), as well as a protective effect (Medeiros and Gouveia  2005 ) 
of CO on birth weight, has also been reported. CO has been associated with small 
effects on preterm birth, particularly for higher level exposures and certain geo-
graphic regions (Ritz et al.  2000 ,  2007 ; Wilhelm and Ritz  2005 ; Liu et al.  2003 ). 
Conversely, some studies fi nd no effect of CO on preterm birth, even when con-
sidering early and late pregnancy windows and residences close to air quality 
monitoring stations (Huynh et al.  2006 ; Jalaludin et al.  2007 ; Rudra et al.  2011 ). 
Although there are few studies, CO exposure has not been found to be associated 
with decreased gestational age or increased risk of small for gestational age 
(Currie et al.  2009 ; Sagiv et al.  2005 ; Rich et al.  2009 ). However, CO exposure in 
each trimester and month has been associated with increased risk of intrauterine 
growth restriction (Liu et al.  2003 ,  2007 ; Salam et al.  2005 ).  

3.3.4.2     Ozone 

 While most of the research on O 3  shows little to no association with ozone exposure 
and pregnancy outcomes (Currie et al.  2009 ; Ritz et al.  2007 ; Jalaludin et al.  2007 ; 
Hansen et al.  2006 ,  2007 ; Lee et al.  2008 ,  2012 ; Kim et al.  2007 ; Warren et al. 
 2012 ; Medeiros and Gouveia  2005 ; Mannes et al.  2005 ; Geer et al.  2012 ; Lin et al. 
 2004a ; Ha et al.  2001 ; Dugandzic et al.  2006 ), a few studies fi nd increased risk of 
adverse pregnancy outcomes. Reduced birth weight (Morello-Frosch et al.  2010 ; 
Salam et al.  2005 ; Geer et al.  2012 ) and increased risk of LBW (Ha et al.  2001 ; Lin 
et al.  2004b ; Nascimento and Moreira  2009 ) have been associated with exposure to 

S. Edwards et al.



67

O 3  in a few studies. One study found a protective effect of ozone exposure in the 
fi rst trimester (Ebisu and Bell  2012 ). Early (Jalaludin et al.  2007 ; Hansen et al. 
 2006 ; Lee et al.  2012 ; Warren et al.  2012 ) and late (Jalaludin et al.  2007 ; Kim et al. 
 2007 ) pregnancy ozone exposure has been associated with increased risk of pre-
term birth (PTB); several studies, however, have found no effect of ozone on PTB 
(Ritz et al.  2007 ; Jalaludin et al.  2007 ; Hansen et al.  2006 ; Kim et al.  2007 ; Lee 
et al.  2008 ; Warren et al.  2012 ). O 3  exposure is associated with reduced gestational 
age (Olsson et al.  2012 ) in one study and with increased risk of IUGR in another 
(Salam et al.  2005 ).  

3.3.4.3     Coarse Particulate Matter 

 The associations found between PM 10  and adverse pregnancy outcomes are mixed. 
Many studies fi nd no effect on birth weight from PM 10  exposure during pregnancy 
(Currie et al.  2009 ; Medeiros and Gouveia  2005 ; Mannes et al.  2005 ; Geer et al. 
 2012 ; Hansen et al.  2007 ; Gray et al.  2010 ; Rahmalia et al.  2012 ). However, studies 
sometimes offer confl icting results, especially if they are comparing windows of 
exposure (Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Medeiros and Gouveia  2005 ; 
Salam et al.  2005 ; Mannes et al.  2005 ; Gray et al.  2010 ,  2011 ; Parker and Woodruff 
 2008 ; Gehring et al.  2011b ; Suh et al.  2007 ; Yang et al.  2003b ; Gouveia et al.  2004 ). 
Results vary by region (Dadvand et al.  2013 ; Parker et al.  2011 ), and a few studies 
have even found PM 10  exposure associated with increased birth weight (Medeiros 
and Gouveia  2005 ; Geer et al.  2012 ; Parker et al.  2011 ). Results are contradictory 
for LBW, with some studies fi nding exposure to PM 10  to be associated with increased 
risk of LBW (van den Hooven et al.  2012 ; Bell et al.  2007 ; Lee et al.  2003 ; Lin et al. 
 2004b ; Seo et al.  2010 ; Rogers and Dunlop  2006 ), with early pregnancy a potential 
window of vulnerability (Lee et al.  2003 ; Xu et al.  2011 ). A few studies have found 
no effect from PM 10  exposure, even when looking at various windows of exposure 
(Currie et al.  2009 ; Kim et al.  2007 ; Lin et al.  2004a ; Lee et al.  2003 ). A recent 
multi-national meta-analysis of term LBW found increased risk with increasing 
PM 10  exposure, although signifi cance varies by geographic region with no clear pat-
tern (Dadvand et al.  2013 ; Parker et al.  2011 ). Other studies of PM 10  and term LBW 
reported either increasing risk of term LBW with increasing PM 10  exposure 
(Dugandzic et al.  2006 ; Lin et al.  2004b ) or no signifi cant association between 
exposure and outcome (Medeiros and Gouveia  2005 ; Lin et al.  2004a ; Maisonet 
et al.  2001 ; Nascimento and Moreira  2009 ). 

 Studies fi nd extremely mixed results when looking at PM 10  exposure and risk of 
PTB, with some fi nding associations between increased risk of PTB and PM 10  expo-
sure during various windows (Wilhelm and Ritz  2005 ; Hansen et al.  2006 ; Zhao 
et al.  2011 ; Suh et al.  2009 ; van den Hooven et al.  2012 ; Kloog et al.  2012 ) and 
others studying similar windows fi nding no effects (Jalaludin et al.  2007 ; Hansen 
et al.  2006 ; Lee et al.  2008 ; Sagiv et al.  2005 ; Darrow et al.  2009 ). SGA/IUGR 
associations are similar (Currie et al.  2009 ; Lee et al.  2012 ; Kim et al.  2007 ; van den 
Hooven et al.  2012 ; Mannes et al.  2005 ; Hansen et al.  2007 ; Gehring et al.  2011b ; 
Dejmek et al.  2000 ).  
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3.3.4.4     Fine Particulate Matter 

 PM 2.5  comprises smaller molecules than PM 10 , with the potential for greater dissemi-
nation throughout the body. Many studies fi nd exposure to PM 2.5  is associated with 
decreased birth weight (Jedrychowski et al.  2004 ,  2009 ; van den Hooven et al.  2012 ; 
Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Gray et al.  2010 ,  2011 ; Parker et al. 
 2005 ,  2011 ; Slama et al.  2010 ; Parker and Woodruff  2008 ), with the effects varying 
by race (Bell et al.  2007 ), region (Parker and Woodruff  2008 ; Parker et al.  2011 ), and 
genotype (Slama et al.  2010 ). Many windows of vulnerability have been explored 
(van den Hooven et al.  2012 ; Bell et al.  2007 ; Gray et al.  2010 ), with mixed fi ndings, 
with one study fi nding that exposure during pregnancy or the fi rst trimester is associ-
ated with an increase in birth weight (Geer et al.  2012 ). Consistent relationships 
have been found between PM 2.5  exposure and increased risk of low birth weight 
(Bell et al.  2007 ; Morello-Frosch et al.  2010 ; Dadvand et al.  2013 ; Rossner et al. 
 2011 ; Slama et al.  2007 ), although results have been shown to vary by geographic 
region (Parker et al.  2011 ). Similar to PM 10 , when looking at PM 2.5  exposure and risk 
of preterm birth, PM 2.5  exposure in early (Huynh et al.  2006 ; Lee et al.  2012 ; Chang 
et al.  2012 ), middle (Chang et al.  2012 ; Warren et al.  2012 ), late (Huynh et al.  2006 ; 
Jalaludin et al.  2007 ) and entire (Huynh et al.  2006 ; Wu et al.  2009 ; Chang et al. 
 2012 ; van den Hooven et al.  2012 ) pregnancy is associated with increased risk of 
preterm birth. Yet many other studies fi nd no effects on preterm birth for these expo-
sure windows (Ritz et al.  2007 ; Jalaludin et al.  2007 ; Rudra et al.  2011 ; Chang et al. 
 2012 ; van den Hooven et al.  2012 ; Warren et al.  2012 ; Darrow et al.  2009 ). For SGA/
IUGR, PM 2.5  exposure has been associated with increased risk in various windows 
(Mannes et al.  2005 ; Parker et al.  2005 ; Liu et al.  2007 ; Rich et al.  2009 ); however, 
other studies have found no clear effect from exposure in similar windows 
(Jedrychowski et al.  2004 ; Lee et al.  2012 ; Mannes et al.  2005 ; Rich et al.  2009 ).  

3.3.4.5     Nitrogen Dioxide 

 NO 2  and pregnancy outcomes have been studied in many windows of vulnerability. 
In general, these studies fi nd confl icting results across pregnancy outcomes. Studies 
have observed decrements in birth weight (Bell et al.  2007 ; Medeiros and Gouveia 
 2005 ; Mannes et al.  2005 ; Gehring et al.  2011b ; Lepeule et al.  2010 ; Hitosugi et al. 
 2009 ; Malmqvist et al.  2011 ; Aguilera et al.  2009 ) and increased risk of LBW (Bell 
et al.  2007 ; Morello-Frosch et al.  2010 ; Ha et al.  2001 ; Lee et al.  2003 ; Ebisu and 
Bell  2012 ; Lin et al.  2004b ), PTB (Olsson et al.  2012 ; Zhao et al.  2011 ; Wu et al. 
 2009 ; Llop et al.  2010 ; Maroziene and Grazuleviciene  2002 ; Darrow et al.  2009 ), 
and growth restriction (Liu et al.  2003 ,  2007 ; Mannes et al.  2005 ; Gehring et al. 
 2011b ; Rich et al.  2009 ) during certain windows. Yet other studies have observed no 
association between birth weight (Gehring et al.  2011a ; Medeiros and Gouveia 
 2005 ; Mannes et al.  2005 ; Geer et al.  2012 ; Hansen et al.  2007 ; Iniguez et al.  2012 ; 
Estarlich et al.  2011 ; Kashima et al.  2011 ; Lepeule et al.  2010 ; Hitosugi et al.  2009 ), 
LBW (van den Hooven et al.  2012 ; Lin et al.  2004a ; Ha et al.  2001 ; Seo et al.  2010 ), 
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PTB (Ritz et al.  2007 ; Jalaludin et al.  2007 ; Wilhelm et al.  2011 ; Hansen et al.  2006 ; 
Gehring et al.  2011a ; Maroziene and Grazuleviciene  2002 ; Darrow et al.  2009 ), and 
growth restriction (Gehring et al.  2011a ; Bobak  2000 ; Mannes et al.  2005 ; Hansen 
et al.  2007 ; Kashima et al.  2011 ; Rich et al.  2009 ) and NO 2  in similar windows.  

3.3.4.6    Sulfur Dioxide 

 Sulfur dioxide has been associated with increased risk, no risk, and reduced risk for 
adverse pregnancy outcomes. Many of these studies vary by exposure window. 
While exposure during pregnancy, especially early in pregnancy, is associated with 
a decrease in birth weight (Mohorovic  2004 ; Bell et al.  2007 ; Medeiros and Gouveia 
 2005 ; Geer et al.  2012 ; Yang et al.  2003b ; Williams et al.  2007 ; Gouveia et al.  2004 ), 
exposure has also been found to have no effect (Mohorovic  2004 ; Masters et al. 
 2007 ; Geer et al.  2012 ; Rahmalia et al.  2012 ), sometimes in the same study 
(Mohorovic  2004 ; Bell et al.  2007 ; Geer et al.  2012 ), but looking at shorter exposure 
windows. SO 2  exposure has also been associated with increases in birth weight 
(Morello-Frosch et al.  2010 ; Medeiros and Gouveia  2005 ). SO 2  exposure, particu-
larly in early pregnancy, is associated with an increased risk of low birth weight (Liu 
et al.  2003 ; Bobak  2000 ; Bell et al.  2007 ; Lin et al.  2004a ,  b ; Ha et al.  2001 ; Lee 
et al.  2003 ; Ebisu and Bell  2012 ; Dugandzic et al.  2006 ; Nascimento and Moreira 
 2009 ). Some studies, however, report no effect (Bell et al.  2007 ; Medeiros and 
Gouveia  2005 ; Seo et al.  2010 ; Dolk et al.  2000 ). Timing of exposure seems particu-
larly important for PTB, with exposure during the last month (Liu et al.  2003 ; Zhao 
et al.  2011 ; Bobak  2000 ) and the whole pregnancy (Bobak  2000 ) being associated 
with increased risk. However, late pregnancy exposure was also found to have no 
effect (Sagiv et al.  2005 ) so clear exposure window defi nitions are important. 
Results vary for continuous gestational age, SGA and IUGR, reporting both 
increased risk (Mohorovic  2004 ; Liu et al.  2003 ; Ballester et al.  2010 ) and no effect 
(Mohorovic  2004 ; Bobak  2000 ; Liu et al.  2007 ; Rich et al.  2009 ).  

3.3.4.7    Traffi c-Related Air Pollutants 

 Traffi c-related pollutants are often assessed in two ways – either distance to road-
ways or traffi c density. Several studies fi nd no association between proximity to 
major road and birth weight (Barnett et al.  2011 ; Miranda et al.  2013 ; Kashima et al. 
 2011 ), except for one which fi nds residence within 200 m to be associated with 
decreased birth weight (Yorifuji et al.  2012 ). We found no studies that support an 
association between proximity to major roads and pregnancy outcomes for gesta-
tional age, SGA, term low birth weight, or very preterm birth (Miranda et al.  2013 ; 
Genereux et al.  2008 ; Kashima et al.  2011 ). However, studies do fi nd proximity to 
major roadway is associated with increased risk of low birth weight (Miranda et al. 
 2013 ; Genereux et al.  2008 ), preterm birth (Miranda et al.  2013 ; Genereux et al. 
 2008 ; Lewtas  2007 ) and late preterm birth (Miranda et al.  2013 ). 
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 For traffi c density or distance weighted traffi c density, studies fi nd an association 
between traffi c density and reduced birth weight (Zeka et al.  2008 ), risk of low birth 
weight (Padula et al.  2012 ), reduced gestational age (Barnett et al.  2011 ), as well as 
no association (Kashima et al.  2011 ). Additionally, specifi c traffi c-related pollutants 
(i.e. NO 2 , benzene) are found to be associated with increased risk of preterm birth 
and term low birth weight (Ponce et al.  2005 ; Wilhelm et al.  2012 ). However, ben-
zene, which is a proxy for traffi c or combustion-related pollution, appears to have 
no association with birth weight as a result of exposure during the entire pregnancy 
or by trimester (Slama et al.  2009 ; Estarlich et al.  2011 ).    

3.4     Biological Mechanisms 

 The biological mechanisms by which air pollution affects adverse pregnancy out-
comes remain unclear. Air pollution may operate on pregnancy outcomes through 
developmental and functional toxicities, suppressing antioxidant defense systems, 
reducing oxygen fl ow to the fetus, or accumulating in the fetus as fetal elimination 
of pollutants is immature (Shah and Balkhair  2011 ). The mechanisms may depend 
on both the outcome of interest and the pollutant considered. Pregnancy outcomes 
are determined by multiple interacting host, social, and environmental factors. 
Figure  3.3  illustrates the infl uences these factors have on pregnant women and their 
developing fetuses. Birth weight at delivery, for example, is affected by many inter-
acting factors, including maternal host factors (e.g., genetics, age, medical compli-
cations, and prenatal care) and environmental factors (e.g., air pollution). Similarly, 
pollutants can vary in how they affect pregnancy outcomes. For example, particulate 
matter can enter the lungs, be absorbed into the blood, and subsequently disperse to 
other organs, including the placenta, inducing infl ammation (Liu et al.  2003 ; Ritz 
and Wilhelm  2008 ). PAHs, on the other hand, can interfere with fetal nourishment 
by increasing viscosity of the blood and reducing blood fl ow to the placenta and 
uterus (Liu et al.  2003 ; Ritz and Wilhelm  2008 ). An additional complexity is that 
the biological pathways by which pregnancy outcomes are affected by air pollution 
could be maternal, fetal, or both. Air pollution may affect maternal respiratory or 
general health, which can lead to oxidative stress, infl ammatory responses, and dis-
turbances to blood fl ow (Sram et al.  2005 ; Huynh et al.  2006 ; Bosetti et al.  2010 ). 
Fetal (or embryonic) pathways may include vulnerability of developing organ sys-
tems or inhibition of weight gain (Sram et al.  2005 ). Absorbed pollutants can affect 
placental functioning, potentially increasing fetal distress and inhibiting fetal devel-
opment (Choi et al.  2006 ,  2008 ; Choi and Perera  2012 ). Further, the timing of the 
air pollution exposure likely drives the biological mechanism. For example, very 
early exposure may affect embryonic implantation and the formation of the pla-
centa, while exposure during the third trimester may affect birth weight since sig-
nifi cant fetal weight gain occurs during this period (Gouveia et al.  2004 ; Xu et al. 
 2011 ; Shah and Balkhair  2011 ). Exposures during both of these periods may infl u-
ence birth weight, although through different mechanisms.  
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 Three main hypothesized biological mechanisms are found in the literature: 
oxidative stress, placental formation/function, and infl ammation.  Oxidative stress  
may act in the embryonic stage through disturbances in cord blood fl ow, as well as 
increased susceptibility to maternal infections (Olsson et al.  2012 ). Oxidative stress 
and subsequent infl ammation may increase with exposure to air pollutants (Geer et al. 
 2012 ). Oxidative stress has been found to be infl uenced by exposure to PM (Ritz and 
Wilhelm  2008 ; Rossner et al.  2011 ), PAHs (Ritz and Wilhelm  2008 ), and O 3  (Olsson 
et al.  2012 ).  Placental formation and functioning  may be disrupted by air pollution 
exposure. In an animal model, PM exposure induced changes in the placenta, which 
were subsequently associated with a higher incidence of low birth weight (Veras et al. 
 2008 ). Minor alterations in placental structure, which can be induced by exposure to 
CO (Morello-Frosch et al.  2010 ; Ritz and Wilhelm  2008 ) and PAHs (Ritz and Wilhelm 
 2008 ), can impact fetal development (Backes et al.  2013 ), possibly by reducing nutri-
ent and oxygen availability (Warren et al.  2012 ; Morello-Frosch et al.  2010 ; Ritz and 
Wilhelm  2008 ).  Infl ammation , which can result from exposure to pollutants, espe-
cially PM, may affect pregnancy outcomes in at least three ways (Rossner et al.  2011 ). 
When particulate matter enters the lungs, it can be absorbed into the blood and then 
dispersed into distant organs. This can lead to infl ammation in the lungs and other 
organs, including the placenta, thereby increasing the susceptibility for preterm labor. 
Infl ammation can also lead to systemic release of cytokines that may trigger preterm 
birth. Lastly, alveolar infl ammation can lead to increased diffi culties with blood fl ow, 
impacting placental function (Maisonet et al.  2004 ).  

  Fig. 3.3    Forces shaping pregnancy outcomes       
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3.5     Methodological Issues 

 While the scientifi c literature clearly points to an association between maternal air 
pollution exposure during pregnancy and pregnancy outcomes, the literature does 
not yet provide a consensus understanding of the details of this association. 
Inconsistent fi ndings for some pollutants and for some windows of exposure may be 
due to a variety of methodological inconsistencies and issues in the literature. 
Variations in study design, populations considered, and pollution levels make it hard 
to compare results across studies and draw general conclusions. Here we discuss 
some of the methodological issues that can make interpretation of air pollution and 
pregnancy outcome studies diffi cult to synthesize, noting why these issues arise, 
how they impact results, and if/how they may be addressed. 

3.5.1     Geographic Region 

 Our review included studies of pregnancy outcomes and ambient outdoor air pollu-
tion exposure that were conducted with data on populations from Asia to North 
America to Europe to South America. The majority of studies focused on North 
America, Europe, Asia and Australia, with relatively few studies considering loca-
tions in South/Central America. Air pollution levels vary greatly depending on geo-
graphic location, with non-industrialized countries having higher exposures, as well 
as more vulnerable populations (Woodruff et al.  2009 ). Additionally, even among 
populations in industrialized countries, a study in one region may not be easily 
compared to a study in another region due to natural variation in populations and 
pollutants. Such variations may contribute to the contradictory or unclear patterns 
observed in the relationship between air pollutants and pregnancy outcomes. Even 
studies within the same large geographic region may involve populations with very 
different levels of air pollution exposure. For example, studies in California involve 
populations exposed to much higher levels of air pollutants than studies of popula-
tions in North Carolina. In an effort to address this, some reviews have combined or 
compared results across geographies, attempting to control for underlying heteroge-
neity; however, results remained unclear, with studies fi nding both consistent and 
inconsistent effects by region (Dadvand et al.  2013 ; Parker et al.  2011 ).  

3.5.2     Exposure Assessment 

 Studies also vary greatly in their method of exposure assessment. This variation, in 
addition to complicating comparative analyses, can also lead to variable exposure 
misclassifi cation, selection biases, and measurement error (Shah and Balkhair  2011 ). 
Exposure assessment methods differ in terms of data sources, data collection methods, 
frequency of pollutant level measurements, and exposure summary metrics. 
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 There are three main data collection methods: monitor-based, model-based, and 
proximity-based (Dadvand et al.  2013 ). See Table  3.2  for the count of articles utilizing 
data from each of these sources by pollutants investigated. Note that the article counts 
do not add up to the number of articles found in the literature review as some studies 
utilized multiple sources of air quality data and explored multiple pollutants.

   Monitor-based assessments use either fi xed ambient air quality monitoring 
stations (AQMS), which collect data at certain intervals, or passive samplers, which 
are movable monitors placed at a specifi c sites for a limited duration. A limitation 
of using AQMS data to assess exposure is that data collected by these monitors may 
only be indicative of pollution levels in the small area immediately surrounding the 
monitoring station, and the exact size of this area is unclear or may vary by pollut-
ant. Furthermore, as shown in Fig.  3.4 , AQMS are not randomly distributed; rather, 
monitoring sites tend to be located in more densely populated areas, leaving rural 
areas understudied due to a lack of monitoring data. Studies often extrapolate moni-
tor data to larger areas, such as a cities or counties, which assumes exposures are 
homogenous across these larger areas, potentially assigning incorrect pollutant lev-
els to individual residents, especially if only one monitor is present in the area 
(Glinianaia et al.  2004 ; Gouveia et al.  2004 ). To address this, studies often restrict 
their study populations to residents within varying buffers around each station, 
ranging from 1 to 20 km in size (Lepeule et al.  2010 ). Some studies, however, fi nd 
that restricting the study area to smaller buffers does not produce signifi cantly dif-
ferent results (Gray et al.  2010 ). Personal monitors, worn by participants during 
daily activities, are also occasionally used as a way of eliminating the fi xed area bias 
of monitoring stations, but face other challenges addressed below.  

 Model-based methods combine ambient monitoring station or passive sampling 
monitor data with data on weather, space, time, and other factors that impact pollu-
tion levels. Modeled air pollution levels combine these data using geostatistics, dis-
persion models, land use regression (LUR), and other spatial analysis techniques to 
create estimates of air pollution levels across a surface. These models create inter-
polated spatial layers of estimated air pollutant concentrations, taking into account 
relevant environmental variables (Aguilera et al.  2009 ), while still utilizing monitor-
ing station data patterns (Aguilera et al.  2009 ; Ritz and Wilhelm  2008 ; Gilliland 
et al.  2005 ). For example, LUR creates a smoothed exposure surface over a given 

   Table 3.2    Article counts of source of air pollution data by pollutant being investigated   

 Pollutant 

 Data source  CO  O 3   PM 10   PM 2.5   SO 2   NO 2   PAHs  Traffi c- related  

 Ambient monitors  32  29  43  31  23  39  3  1 
 Personal monitors  0  0  0  2  0  0  6  0 
 Modeled exposure 
surface 

 4  3  8  13  4  15  1  4 

 Road proximity/traffi c 
density 

 4  3  7  9  1  12  2  12 

 Other  0  0  2  1  3  1  2  0 
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geography and thus can avoid the issue of selection bias which may occur when 
limiting analysis to populations living near AQMS since these populations may be 
signifi cantly different from populations not residing near monitors (Woodruff et al. 
 2009 ). However, LUR may focus on spatial variability in exposure, but neglect to 
account for temporal variation despite known seasonal variability in air pollution 
levels (Aguilera et al.  2009 ; Ritz and Wilhelm  2008 ). Some models, however, do 
adjust for both spatial and temporal variation concurrently, considering how effects 
change across at-risk windows (Chang et al.  2012 ). Some important considerations 
for modeled exposures include validation and calibration of model estimates and 
selection of appropriate geographic scale (Gilliland et al.  2005 ). 

 Given that traffi c emissions contain a mix of NO 2 , CO, volatile organic com-
pounds, PM, PAHs, and other toxic substances (Boothe and Shendell  2008 ), many 
studies investigating traffi c-related air pollution do not look at specifi c pollutants, 
rather they use proximity-based methods to proxy exposure to this mixture of pol-
lutants. With proximity-based methods, exposure is measured in one of three ways: 
distance to a defi ned road type, summed traffi c density within a defi ned distance, or 
distance-weighted traffi c density within a defi ned distance. Studies have demon-
strated that pollutant concentrations are higher near roadways, and diminish with 
increasing distance from roadways as a result of evaporation, dispersion, and coagu-
lation (Boothe and Shendell  2008 ). While the general cutoff seems to take place 
around 150–300 m from roadways, many proximity-based studies either do not 
consider greater distances or only consider much smaller distances (Miranda et al. 
 2013 ; Genereux et al.  2008 ; van den Hooven et al.  2009 ; Kashima et al.  2011 ; 

  Fig. 3.4    Air quality monitoring stations and population density in the US (U.S.Census Bureau 
 2010 ; U.S.Environmental Protection Agency  2013 )       
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Yorifuji et al.  2012 ; Boothe and Shendell  2008 ; Wu et al.  2011 ; Brauer et al.  2008 ). 
Roads used in proximity-based analyses are classifi ed by traffi c counts or by local, 
state, or national function codes, which may or may not be indicative of traffi c vol-
ume depending on the region. Given the variety of classifi cation schemes world-
wide and the rapid pace of development in some areas, it is not surprising that roads 
may be misclassifi ed, traffi c counts may be over- or underestimated, and road clas-
sifi cations from one region may not be comparable to those in other regions. Vehicle 
mix between cars and trucks may also vary from place to place, and is not specifi -
cally addressed in most studies. Additionally, like other methods, proximity-based 
methods have recognized limitations, including regional variation in pollutant com-
ponents and exposure misclassifi cation due to population mobility (Boothe and 
Shendell  2008 ). 

 Several studies have attempted to assess the utility of these three exposure data 
sources by implementing exposure assessments via each method on the same popu-
lation (van den Hooven et al.  2012 ). One study comparing AQMS, LUR, air disper-
sion models, and traffi c-density measures found that the size of effect estimates 
were smaller for air pollution exposures based on the relatively simple traffi c den-
sity metric compared to other metrics; however, regardless of exposure assessment 
method used, effects were still quite similar (Wu et al.  2011 ). Another study 
 compares exposures assessed using the nearest AQMS and using a temporally 
adjusted geostatistical (TAG) model. The TAG model combines smoothed, annual 
average estimates of pollutants over a region with a time-specifi c measure by expo-
sure window using AQMS data. The two models tended to give similar results 
(Lepeule et al.  2010 ). 

 Even among studies using the same data collection method, there is still varia-
tion in exposure measurements and metrics, making cross-study comparisons chal-
lenging. Studies may measure pollutant levels with continuous, categorical, or 
scaled variables (Ritz and Wilhelm  2008 ), all requiring different statistical proce-
dures and interpretation of results. Others choose which pollutants to include based 
only on availability of data, which may fail to account for important co-pollutant 
interactions (Ritz and Wilhelm  2008 ). Additionally, most studies use the peak or 
mean daily concentrations averaged across the exposure window (Glinianaia et al. 
 2004 ). With monitors and pollutants varying in measurement schedules, precision 
of such exposure assignments varies. Other studies use total pollutant levels mea-
sured during the exposure window or select the maximum concentration measured 
during the exposure window, and some studies even rely on annual air pollution 
estimates rather than estimates for specifi c pregnancy exposure windows 
(Glinianaia et al.  2004 ). Averaging can be problematic as consistent low exposure 
levels combined with occasional high exposures will lead to an average exposure 
assessment of “moderate” despite the fact that the biological impact of consistent 
moderate exposure may be different from the bimodal exposure described (Shah 
and Balkhair  2011 ). Errors can also easily occur if the exposure metric captures 
only a portion of the critical time window or extra-gestational time periods, neces-
sitating a good understanding of the temporal trends of different air pollutants and 
monitoring data validity (Gilliland et al.  2005 ). It is unclear which, if any, metric 
or measurement is preferable.  
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3.5.3     Personal Exposure Assessment 

 Exposure assessments based on AQMS, modeled surfaces, and proximity provide 
an estimate of outdoor exposure based on an individual’s residence. These estimates 
do not take into account personal characteristics that may infl uence an individual’s 
level of air pollution exposure. Personal exposure assessments take into account 
personal activity patterns, indoor and outdoor exposures, and residential mobility. 
Given that people frequently travel to non-residential locations and do not spend all 
their time outside, personal exposure assessment can eliminate some exposure mis-
classifi cation that results from simply using a residential address and ambient out-
door estimated air pollution levels to assign exposures (Ritz and Wilhelm  2008 ). 
This is especially important as shorter window estimates and pollutants with spatial 
heterogeneity over small areas may be more affected by personal activity patterns 
(Ritz and Wilhelm  2008 ). Additionally, indoor pollutant levels are not always simi-
lar to outdoor pollutant levels and personal exposure assessments can take both into 
account (Jedrychowski et al.  2009 ). Many AQMS, modeled surfaces, and proximity- 
based studies also assume a consistent maternal residence during gestation, ignor-
ing maternal residential mobility (Bell et al.  2012 ; Shah and Balkhair  2011 ). One 
study attempting to understand the infl uence of residential mobility found that 
restricting the analysis to women who did not move during pregnancy resulted in 
stronger associations between air pollution exposures and adverse pregnancy out-
comes compared to analyses that included women who moved during pregnancy 
(Ritz and Wilhelm  2008 ). However, at least one study reports that pregnant women 
are less mobile to begin with (Iniguez et al.  2012 ). 

 Two main methods are available for assessing personal exposure to air pollution: 
activity patterns and personal monitoring. Activity patterns can be used to under-
stand how often individuals travel, where they spend their time, and how much time 
they spend indoors versus outdoors. This information is then used to better estimate 
exposure using data relevant to where individuals spend their time rather than sim-
ply where they live. Personal monitoring provides detailed data on actual air pollu-
tion levels to which individuals are exposed. Personal monitoring devices are 
typically worn by study participants 24 h a day for a short duration (2 days) and 
collect air samples at set intervals. Both methods require detailed personal data and 
can be diffi cult and expensive to implement on large populations. However, more 
accurately measuring personal exposure often strengthens study results. For exam-
ple, three studies reported that in analyses only considering women who either did 
not work or who spent less than 2 h outdoors daily, stronger associations between 
air pollution levels and adverse pregnancy outcomes were observed compared to 
analyses with all women (Aguilera et al.  2009 ; Yorifuji et al.  2012 ; Ritz and Wilhelm 
 2008 ). These fi ndings highlight the importance of considering individual behaviors 
which may be accounted for by using more personal exposure assessment 
methods. 

 Personal exposure measurement, however, does not eliminate measurement error 
and is not without limitations. Personal monitors are expensive, preventing research-
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ers from conducting analyses with large study populations. They also require mean-
ingful participant compliance to achieve accurate readings (Ritz and Wilhelm  2008 ). 
Given these cost and practicality limitations, it is ideal if researchers are able to 
specify their pollutant of interest and the key windows of exposure (Ritz and 
Wilhelm  2008 ). Personal monitoring is typically only conducted over such a short 
window, typically 2–7 days in the second or third trimester, and the resulting mea-
sures are often considered a proxy for trimester or entire pregnancy exposure. The 
accuracy of this assumption remains questionable (Jedrychowski et al.  2004 ,  2009 ; 
Slama et al.  2009 ; Perera et al.  2003 ; Choi and Perera  2012 ); however, studies that 
have compared short term personal exposure measurement with longer term mea-
sures have been encouraging. Using a subsample of study participants for a series of 
repeated measurements in each trimester, Jedrychowski et al. reported that although 
PM 2.5  exposure levels differed between trimesters, the second trimester had good 
agreement with the other trimesters and was an adequate refl ection of other expo-
sure periods (Jedrychowski et al.  2009 ). Other studies have found PM 2.5  to be rela-
tively stable over pregnancy (Jedrychowski et al.  2004 ). These fi ndings suggest that 
personal monitors, despite their short exposure window, may provide accurate 
pollutant measurements for other windows, depending on the pollutant of interest.  

3.5.4     Spatial Resolution 

 Associations between different pollutants and pregnancy outcomes may depend on 
the spatial resolution of exposure measures. Air pollution may be measured at many 
different scales, the largest being multi-county or metropolitan areas, and the small-
est being the individual person. In addition to political boundaries such as counties, 
zip codes, and cities, studies commonly use fi xed distances radii from either AQMS 
or individual residences to defi ne exposure (Glinianaia et al.  2004 ). 

 The spatial resolution of measurement is important for several reasons. Some 
pollutants, such as CO, vary over small spatial scales, while others, like PM, vary 
regionally. Thus, assigning exposure based on an areal unit that is larger or smaller 
than the pollutant’s extent may lead to exposure misclassifi cation, the magnitude of 
which will depend on the pollutant of interest (Bell et al.  2012 ; Woodruff et al. 
 2009 ). As a guideline, Gilliland et al. proposed use of variable spatial scales ranging 
from the household (<50 m) to regional (100–1,000 km) scale depending on the 
pollutant (Gilliland et al.  2005 ). Additionally, aggregating smaller geographic unit 
measurements to form larger units can result in overly smoothed measurements that 
hide varying exposures (Xu et al.  2011 ). Furthermore, a refi ned geographic scale 
may reduce some of the exposure misclassifi cation associated with fi xed AQMSs, 
as reliable exposure estimates may only be made within a certain distance from the 
AQMS (Lin et al.  2004a ). 

 Studies confi rm these key principles, fi nding that separate pollutants do not show 
consistent effects at similar buffer distances (Morello-Frosch et al.  2010 ). Several 
studies fi nd that the effects of county-wide exposure estimates differ little from 
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effects within small radii from AQMS (Basu et al.  2004 ), but other studies fi nd the 
reverse, with smaller areas yielding signifi cantly different results (Wilhelm and Ritz 
 2005 ; Jalaludin et al.  2007 ; Darrow et al.  2009 ; Mannes et al.  2005 ; Basu et al. 
 2004 ). Hence, uncertainty remains as to which geographic scale best proxies per-
sonal exposures, or whether more spatially resolved studies produce more precise 
results. Often it is even diffi cult to discern what scale was used in studies, and infer-
ences from studies using various approaches may not be comparable.  

3.5.5     Windows of Vulnerability 

 Embryonic and fetal development varies signifi cantly across pregnancy, with early 
pregnancy being particularly important due to implantation, placental attachment, 
and organogenesis, and later pregnancy being particularly important for fetal growth 
(Shah and Balkhair  2011 ). The prenatal period is characterized by rapid growth, 
organ growth and specialization, and brain development, among other things. This 
rapid development makes the fetus especially vulnerable to negative effects of air 
pollution. Thus, identifying potential windows of vulnerability to air pollution 
exposure is important in order to understand biological mechanisms (Aguilera et al. 
 2009 ; Woodruff et al.  2009 ) and possibly prevent adverse pregnancy outcomes. 
Identifying critical exposure windows is a research need, but is diffi cult because of 
variances in the mixture of pollutants across space and time, as well as possible dif-
ferent effects of specifi c pollutants during specifi c exposure periods (Woodruff et al. 
 2009 ; Bosetti et al.  2010 ; Salam  2008 ). 

 Studies vary in their designation of an exposure window. Table  3.3  presents the 
number of articles in our review that operationalized air pollution exposures during 
various windows by pollutants considered. Note that the article counts do not add up 
to the number of articles found in the literature review as many studies considered 
both multiple windows of exposure and multiple pollutants. While the majority 
measure exposure either during one or more trimesters (Wilhelm et al.  2011 ; Chang 
et al.  2012 ; Pereira et al.  2011 ) and/or the entire pregnancy term (Wilhelm et al. 

   Table 3.3    Article counts by windows of exposure and pollutants considered   

 Pollutant 

 Window of exposure  CO     O 3   PM 10   PM 2.5   SO 2   NO 2   PAHs  Traffi c- related  

 Pregnancy  22  17  25  28  13  33  3  14 
 Trimesters  28  25  36  25  18  39  2  1 
 Months  6  6  7  4  5  8  1  0 
 Weeks  0  1  0  1  1  1  0  0 
 Lag before delivery
(weeks, months) 

 10  10  12  9  5  11  0  0 

 First 1–3 months  3  3  3  2  2  3  0  0 
 Other  0  1  4  3  4  2  5  0 
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 2011 ; Chang et al.  2012 ), others consider one or a combination of the following: day 
of birth (Zhao et al.  2011 ); selected weeks of pregnancy, including selected number 
of weeks past conception and/or prior to birth (Wilhelm and Ritz  2005 ; Wilhelm 
et al.  2011 ; Kim et al.  2007 ; Sagiv et al.  2005 ; Chang et al.  2012 ; Darrow et al.  2009 ; 
Iniguez et al.  2012 ; Rocha et al.  2008 ); all weeks of pregnancy (Warren et al.  2012 ); 
selected or all months of pregnancy (Jalaludin et al.  2007 ; Rudra et al.  2011 ; Hansen 
et al.  2006 ,  2007 ; Mannes et al.  2005 ; Liu et al.  2007 ; Dejmek et al.  2000 ; Wu et al. 
 2011 ; Brauer et al.  2008 ); and multi-year windows based on birth year (Rogers et al. 
 2000 ). Defi ning the most appropriate window of exposure is diffi cult, as there 
remains a dearth of toxicological evidence to drive the selection of these windows 
(Ritz and Wilhelm  2008 ). Further, the appropriate window may vary by outcome 
(Ritz and Wilhelm  2008 ; Woodruff et al.  2009 ). It is still unclear which exposure 
window is most critical or if consideration of smaller windows offers signifi cant 
improvement in analyses. For this reason, some studies actually focus on identifying 
key windows of air pollution exposure (Warren et al.  2012 ).

   Studies that compare full term or trimester windows to the corresponding 
monthly windows have found mixed results that are diffi cult to compare due to the 
variability of both pollutants and outcomes measured. While some show that 
monthly exposures differ from related trimester exposures (Hansen et al.  2006 ; 
Mannes et al.  2005 ), others fi nd the results to be similar regardless of the window 
(Rudra et al.  2011 ; Hansen et al.  2006 ; Mannes et al.  2005 ; Liu et al.  2007 ; Wu et al. 
 2011 ). An additional challenge is the potential correlation of pollutants across time 
periods (Brauer et al.  2008 ). Some studies have found high correlations among the 
trimesters or across the pregnancy period (Brauer et al.  2008 ), making it diffi cult to 
delineate a particular window of vulnerability. Windows of exposure are also highly 
intertwined with the season of observation since it is well-documented that pollutant 
levels vary by season (Wilhelm and Ritz  2003 ), as does the correlation of pollutants 
across pregnancy (Aguilera et al.  2009 ). Strong negative correlations between fi rst 
trimester and last month exposure for many pollutants, as well as strong positive 
correlations between second trimester and entire pregnancy averages, limit the abil-
ity to make conclusive statements regarding differences in risk across pregnancy 
periods (Wilhelm et al.  2011 ). Nearly all studies account for seasonal variation as a 
covariate or through other adjustments. Which trimester occurs during which season 
remains an important question, as the effect of the intensity of the pollutant exposure 
may interact with the prenatal development occurring during a particular trimester. 

 Some studies demonstrate that particular months have greater vulnerability 
(Hansen et al.  2007 ), while others argue that small exposure windows may not be 
relevant (Wu et al.  2011 ; Brauer et al.  2008 ). Similarly, fi ndings by month some-
times mirror fi ndings by trimester (Rudra et al.  2011 ; van den Hooven et al.  2012 ; 
Liu et al.  2007 ), and fi ndings by trimester sometimes mirror fi ndings for the entire 
pregnancy period (Morello-Frosch et al.  2010 ). Some studies fi nd that trimester 
effects are stronger (Lee et al.  2003 ; Xu et al.  2011 ), while others fi nd that the 
entire pregnancy period has the strongest effect (Morello-Frosch et al.  2010 ). In 
addition, an accumulative effect is likely to be present for some pollutants 
(Hansen et al.  2006 ). 
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 Windows of exposure are also diffi cult to identify as the key windows may vary 
by both pollutant and outcome. For example, particular months or trimesters showed 
stronger effects for some pollutants (Olsson et al.  2012 ; Darrow et al.  2009 ; Wilhelm 
and Ritz  2003 ; Lee et al.  2003 ), but these results are inconsistent across studies, for 
both pollutants and outcomes. Some studies have found limited differences across 
exposure windows (Huynh et al.  2006 ; Wilhelm et al.  2011 ; Gray et al.  2011 ; Brauer 
et al.  2008 ). Similarly, the results vary by outcome. For preterm birth, some studies 
found early pregnancy to be an important window of vulnerability, as well as the last 
6 weeks of pregnancy (Ritz et al.  2007 ; Wilhelm and Ritz  2005 ). For birth weight, 
fetal weight increases rapidly after 28 weeks, suggesting that later pregnancy may 
be most important (Maisonet et al.  2004 ). However, some studies found that expo-
sure in the fi rst 5 months of pregnancy had greater effects than later exposures on 
birth weight (Lee et al.  2003 ; Rossner et al.  2011 ). The particular fi ndings, however, 
may be less important than the trajectory of the science. The methodology of 
 examining windows of vulnerability using different time periods moves the fi eld 
closer to understanding the chronological specifi city of the effects of air pollution. 

 As the fi eld progresses in determining the windows of greatest vulnerability, meth-
odologies will likely become more refi ned in their defi nitions of windows of expo-
sures and consistencies across studies may increase. However, pregnancy itself is a 
time of heightened vulnerability; therefore, regardless of which window brings with 
it the greatest vulnerability, a decrease in air pollution exposure during pregnancy for 
all women may subsequently decrease the risk of adverse pregnancy outcomes.  

3.5.6     Multiple Pollutants 

 Multiple pollutant models are another area of growth in air pollution research. 
Currently, there is insuffi cient multi-pollutant work, and methodological challenges 
remain in this area (Ritz and Wilhelm  2008 ). Pollutants from the same source are 
correlated in both space and time, making it diffi cult to differentiate the effect of 
each pollutant and determine which pollutant may be most harmful (Shah and 
Balkhair  2011 ). In addition, pollutants are often not measured at the same monitor-
ing stations, with the same accuracy, or on the same schedule, so measurement bias 
or differences may occur (Woodruff et al.  2009 ). Limiting sample size to individuals 
that have multi-pollutant data available may result in selection bias and limited 
power. Understanding how multi-pollutant exposures impact health is important, 
however, as most individuals are not exposed to single pollutants. Rather, air pollu-
tion is made up of many components, and there may be both accumulative and 
synergistic effects of these pollutants (Ritz and Wilhelm  2008 ). 

 Numerous studies have employed multi-pollutant models, with differing results 
(Olsson et al.  2012 ; Ritz et al.  2000 ,  2007 ; Liu et al.  2003 ; Lee et al.  2008 ; Zhao 
et al.  2011 ; van den Hooven et al.  2012 ; Bell et al.  2007 ; Geer et al.  2012 ; Estarlich 
et al.  2011 ; Ebisu and Bell  2012 ; Gouveia et al.  2004 ; Nascimento and Moreira 
 2009 ). These studies typically include pollutants that were signifi cant in single pol-
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lutant analyses (Gouveia et al.  2004 ) and that are not highly correlated (i.e., over .5) 
(Ebisu and Bell  2012 ). Some pollutants were robust to co-pollutant adjustment 
(Olsson et al.  2012 ; van den Hooven et al.  2012 ; Bell et al.  2007 ; Geer et al.  2012 ; 
Ebisu and Bell  2012 ), with some studies fi nding the multi-pollutant model to have 
stronger associations (Olsson et al.  2012 ; Ritz et al.  2007 ; van den Hooven et al. 
 2012 ), suggesting a synergistic effect of the pollutants. Other studies found that the 
associations of pollutants were not robust to multi-pollutant models (Ebisu and Bell 
 2012 ; Gouveia et al.  2004 ). 

 Pollutant exposures do not occur in isolation, and the combination of multiple air 
pollutants likely impacts pregnancy outcomes differentially, so multiple pollutant 
associations are important to consider. The high collinearity among such exposures 
make it diffi cult to identify which pollutant, in isolation, is the most deleterious 
(Shah and Balkhair  2011 ). Understanding how components of air pollution work 
synergistically, as well as in isolation, is an important advance to the study of the 
effects of air pollution on pregnancy outcomes (Woodruff et al.  2009 ). Studying 
combined air pollution exposures brings us closer to understanding air pollution in 
a real world context.  

3.5.7     Interactions with Other Exposures and Risk Factors 

 As evidenced in this chapter, air pollution is associated with poor pregnancy out-
comes. Little is known, however, about how this relationship works with other risk 
factors, such as poverty, minority status, or social stress. Vulnerable populations 
may have magnifi ed responses to air pollution if it is concomitant with other risk 
factors (Shah and Balkhair  2011 ), such as health or neighborhood conditions. 
Elevated environmental exposures often occur in communities facing multiple 
social stressors like deteriorating housing, inadequate access to health care, poor 
schools, high unemployment, high crime, and high poverty – all of which may com-
pound the effects of environmental exposures. This phenomenon is especially 
severe for low income and minority pregnant mothers, with signifi cant health impli-
cations for the fetuses they carry. 

 The multiple interacting environmental, social, and host factors that infl uence 
pregnancy outcomes are depicted in Fig.  3.3  as three sides of an integrated triangle. 
Health disparities arise when the forces exerted by the triangle’s sides are asym-
metrical for different population groups. Given that minority and low-income 
women tend to be more systematically exposed to adverse environmental conditions 
(Brown  1995 ; Lopez  2002 ; Stretesky and Lynch  1999 ; Stretesky  2003 ; Wolff et al. 
 2003 ), air pollution may interact with adverse social environments (Stretesky and 
Lynch  1999 ), as well as host factors, to contribute to the observed poorer pregnancy 
outcomes among these women. Many monitoring stations are in areas where low- 
income, minority women live. Women who live within fi ve miles of monitoring 
stations are often younger, more likely to be Hispanic, less educated, and more 
likely to be on government assistance (Wilhelm et al.  2011 ; Chang et al.  2012 ). 
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 The differential impact of air pollution by race (Wilhelm and Ritz  2003 ; Choi 
et al.  2006 ,  2008 ) is of particular importance, especially since African American 
mothers are at higher risk of delivering low birth weight or preterm infants. This 
race effect may be due to baseline health conditions, socioeconomic status, or access 
to health care (Bell et al.  2012 ). Maternal characteristics, such as prenatal care ade-
quacy, maternal medical complications, and neighborhood socioeconomic status 
measures (poverty, unemployment, home ownership, and educational status) are 
additional risk factors that may interact with air pollution (Morello-Frosch et al. 
 2010 ). Socioeconomic status has been associated with increased risk of adverse 
pregnancy outcomes, with air pollution disproportionately affecting lower socio-
economic neighborhoods (Ponce et al.  2005 ; Zeka et al.  2008 ). 

 Many studies obtain demographic and socioeconomic information from birth 
certifi cates. This information may not be suffi cient to fully examine contextual risk 
factors for the association between air pollution and pregnancy outcomes 
(Woodruff et al.  2009 ). The impact of these contextual factors may additionally 
vary by geography, outcome, and pollutant (Woodruff et al.  2009 ). In addition to 
sociodemographic factors, there is limited evidence that males may be more vulner-
able to air pollution adverse effects than females (Ebisu and Bell  2012 ; Woodruff 
et al.  2009 ; Ghosh et al.  2012 ).   

3.6     Future Directions for Research and Conclusions 

 While the impact of air pollution on respiratory health has long been explored, 
increasingly researchers are turning their attention to potential impacts on preg-
nancy outcomes. The growing literature in this area provides strong evidence of a 
negative impact of air pollution exposure on pregnancy outcomes. In addition, the 
incongruous fi ndings between some studies highlights important areas for future 
research, including critical gaps created by methodological differences across stud-
ies. Previous work tells us that spatial scale and particular windows of vulnerability 
both matter in analyzing the impact of air pollution on pregnancy outcomes. In addi-
tion, exposure levels vary substantially across existing studies, as do ways of mea-
suring exposure. 

 In terms of key future research needs, we need to better understand the impact of 
air pollution at the low end of the exposure scale – which constitute the levels at 
which women are most commonly exposed. In addition, the fi eld needs to investi-
gate multiple pollutants simultaneously, rather than the more traditional one con-
taminant at a time approach. More modeled surfaces would lead to less selection 
bias and more overlap of estimates for different pollutants, allowing for more robust 
analysis of associations with adverse pregnancy outcomes. 

 Components of air pollution may also differ by geography. Particulate matter, for 
example, consists of several discrete particles of differing sizes that originate from 
varying sources. Depending on local and regional factors such as development, indus-
try, agriculture, and the natural environment, particulate matter may be composed of 

S. Edwards et al.



83

different particles, which may account, at least in part, for some of the contradictory 
or mixed fi ndings in the literature. Some studies have already begun to examine the 
effects of different PM source components to tease out individual effects (Wilhelm 
et al.  2011 ; Bell et al.  2010 ,  2012 ; Ebisu and Bell  2012 ); this is an area that warrants 
additional research attention (Glinianaia et al.  2004 ; Backes et al.  2013 ). 

 Better monitoring technology, such as continuous portable monitors, is under 
development and will likely enable data collection over shorter time windows, as 
well as increased geographic coverage of air sampling. These improvements are 
especially important for urban areas with greater pollutant variability as well as for 
assessing short term peak exposures (Gilliland et al.  2005 ). 

 All these areas for future research are critical to developing a better understanding 
of the association between air pollution and pregnancy outcomes. However, while 
studies have established an association between air pollution and adverse pregnancy 
outcomes, these studies are inherently unable to establish a causal relationship. 
To truly understand pregnancy health impacts of air pollution, the results of epide-
miological studies need to be coupled with animal studies that more directly and 
more tightly manipulate exposures and allow for exploration of mechanistic effects. 
While the results of animal studies are beyond the scope of this chapter, such 
approaches allow for identifi cation of causal pathways, which in the end is most 
needed to establish the appropriate regulatory environment and protect prenatal and 
perinatal health.      
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    Chapter 4   
 Air Pollution and Asthma 

             David     B.     Peden     

4.1             Introduction 

 Asthma is a chronic infl ammatory airway disease most commonly associated with 
an eosinophilic (TH2-type) infl ammation, though chronic neutrophilic infl amma-
tion has also been reported and multiple variations (or endotypes) in this disease are 
being identifi ed which are variably characterized by eosinophilic and neutrophilic 
infl ammation (Anderson  2008 ; Belgrave et al.  2013 ; Busse and Lemanske  2001 ; 
Busse and Rosenwasser  2003 ; Custovic et al.  2013 ; Lotvall et al.  2011 ; Wenzel 
 2012 ). Airway pathophysiology of asthma is characterized by intermittent airway 
bronchoconstriction and mucus hypersecretion (and mucus plugging) with resultant 
decrease in airfl ow and symptoms such as cough, wheeze and breathlessness. In 
severe exacerbations, oxygenation is impaired and air trapping occurs. All of these 
events are linked to airway hyperresponsiveness, in which airway response to a 
wide variety of environmental stressors is increased, most notably increased 
response to cholinergic agonists and airway dehydration (Busse and Lemanske 
 2001 ; Busse and Rosenwasser  2003 ). 

 Environmental exposures are an important factor in the pathobiology of asthma. 
Allergic processes play a defi ning role in atopic asthma, with mite, cockroach and 
mammalian (both pest and pet) exposures linked to disease development (Matsui 
et al.  2008 ; Sharma et al.  2007 ; Zeldin et al.  2006 ). Occupational exposures lead to 
asthma genesis (Bernstein  2011 ; Cartier and Sastre  2011 ; Christiani et al.  2008 ; 
Malo and Vandenplas  2011 ; Redlich and Karol  2002 ; Szema  2012 ; Tarlo et al. 
 2008 ), and chronic exposure to ambient air pollutants and tobacco smoke have been 
associated with development of asthma (Eisner  2002 ; Jaakkola and Jaakkola  2002 ; 
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Etzel  2003 ; Kodgule and Salvi  2012 ; Accordini et al.  2012 ; Burke et al.  2012 ; Anto 
 2012 ). Acute exacerbation of asthma is triggered by environmental pollutants, 
including ozone (Balmes  1993 ; D’Amato et al.  2005 ; Hanna et al.  2011 ; Hernandez 
et al.  2010 ; McDonnell et al.  1999 ; Moore et al.  2008 ; Peden  2011 ; Peden et al. 
 1995 ; Romieu et al.  1997 ), particulate matter (Breysse et al.  2005 ; Diette et al. 
 2007 ; McConnell et al.  1999 ,  2003 ,  2010 ; Ostro et al.  2009 ; Peel et al.  2005 ; 
Schwartz et al.  1993 ; Silverman and Ito  2010 ; Zhang et al.  2002 ), biomass combus-
tion products (e.g. wood smoke, tobacco smoke) (Kodgule and Salvi  2012 ; Accordini 
et al.  2012 ; Burke et al.  2012 ; Anto  2012 ; Agrawal  2012 ; Brims and Chauhan  2005 ; 
Bruce et al.  2000 ; Crain et al.  2002 ; David et al.  2005 ; Eisner et al.  2002 ; Gilliland 
et al.  2003 ; Jones et al.  2006 ; Mannino et al.  2002 ), and bioaerosols (Zeldin et al. 
 2006 ; Clapp et al.  1993 ; Eldridge and Peden  2000 ; Liu  2004 ; McConnell et al. 
 2006 ; Perzanowski et al.  2006 ; Rabinovitch et al.  2005 ; Thorne et al.  2005 ; Von 
Essen and Donham  1999 ). Additionally, other causes of acute asthma, including 
viral infection (Jaspers et al.  2005 ; Noah et al.  2012a ,  b ) and acute response to aller-
gen (Eldridge and Peden  2000 ; Bernstein et al.  2004 ; Boehlecke et al.  2003 ; Diaz- 
Sanchez et al.  1997 ,  2006 ; Gilliland et al.  2004 ,  2006 ; Holz et al.  2002 ; Jorres et al. 
 1996 ; Kehrl et al.  1999 ; Schaumann et al.  2008 ; Vagaggini et al.  2002 ), can be 
modifi ed by environmental pollutant exposure. Thus, air pollutants impact both 
asthma development and exacerbation. 

 While environmental pollutants associated with asthma pathobiology seem 
somewhat disparate, they do have a number of features in common. First, each of 
these agents can induce an infl ammatory response likely due to activation of innate 
immune processes (Hollingsworth et al.  2004 ,  2007a ,  b ,  2010 ; Li et al.  2010 ). 
Second, increased oxidative stress is associated with many of these pollutants, sug-
gesting molecular processes by which they can modulate innate immune responses 
(Peden  2005 ,  2011 ). Third, as outlined above many of these agents enhance response 
to other stimuli (most notably allergens) which may impact risk for disease exacer-
bation. Table  4.1  summarizes the actions of a number of NAAQS pollutants known 
to impact asthma.

   We hypothesize that modulation of common biological processes accounts for 
many of the actions of air pollutants in asthma. These include activation of innate 
immune responses, induction of oxidative stress (and variation in antioxidant 
defense mechanisms), and impact on elements of IgE-mediated immunity. This 

   Table 4.1    Common acute actions of several pollutants which impact asthma   

 NAAQS pollutant 

 Physiologic effect  O 3   PM  NO 2   SO 2  

 Airway infl ammation  ++++  +++  ++  + 
 Airway reactivity  +  +  +  +++ 
 Allergen reactivity  +++  ++++  +  + 
 Nociceptive decrease in lung function  ++++  +  +  + 
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chapter will outline the effects of a number of pollutants in asthmatics, as well as 
potential individual and societal interventions by which the impact of pollutants 
may be mitigated.  

4.2     Pollutants of Concern in Asthma 

 A number of outdoor (ambient) air pollutants are monitored as outlined in the Clean 
Air Act of 1970 (Bernstein et al.  2004 ; Peden  2008 ). The pollutants included in the 
Clean Air Act (so-called “criteria pollutants”) include carbon monoxide, lead, sulfur 
dioxide (SO 2 ), nitrogen dioxide (NO 2 ), ozone (O 3 ), particulate matter ≤ 10 μm (PM 
2.5–10) and 2.5 μm (PM 0.5–2.5) in diameter. Of these, SO 2 , NO 2 , O 3 , PM (both 
PM2.5–10 and PM 0.5–2.5) have the most known impact in asthmatics. In indoor 
environments, second hand tobacco smoke, and other biomass related particles and 
bioaerosols (a common component of which is endotoxin) are known causes of 
asthma exacerbation. The epidemiology and actions of these agents in asthma are 
outlined below.  

4.3     Particulate Matter 

 Particulate matter is a major cause of asthma exacerbation and wheeze in such 
varied locations as Asia, Oceania, Europe and the United States. Coarse mode PM 
(PM 2.5–10 μm) and fi ne mode PM (PM 0.5–2.5 μm) derive from a variety of 
sources, including point sources (power plants, factories) and mobile sources (auto-
mobiles, trucks). PM is composed of a variety of constituents, including metals, 
carbon black, polyaromatic hydrocarbons and other products of incomplete com-
bustion and biological components (Bernstein et al.  2004 ; Peden  2008 ). 

 Traditional point sources, including power plants, steel mills, and other indus-
trial sites are well known sources of PM and have been clearly linked with asthma 
exacerbation. One of the most intriguing demonstrations of the link between a point 
source and asthma exacerbation occurred in the 1980s in the Utah Valley. During 
this period, there was a year-long labor dispute at a local steel mill, resulting in a 
shutdown of the plant during this period. Examination of hospitalizations for respi-
ratory diseases and PM revealed that during the strike year there was a marked 
decrease in both ambient air PM levels and hospital admissions for asthma and 
other respiratory diseases (Pope  1989 ,  1991 ). The strike not only associated with 
decreased PM levels, but the infl ammatory action of PM recovered during the shut-
down was decreased. Both epidemiologic studies and airway challenges suggest 
that metals modulate much of the pro-infl ammatory effects of PM. This is likely due 
to oxidant activity associated with transition metal content of the particles (Ghio 
 2004 ; Schaumann et al.  2004 ). Exposure studies using concentrated air particulates 
(CAPS) or instilled particulates also demonstrate that ambient air particulates 
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(usually PM2.5) cause airway infl ammation (Ghio et al.  2000 ,  2003 ,  2012 ; Ghio 
and Devlin  2001 ; Graff et al.  2009 ; Huang et al.  2012 ). 

 Vehicular traffi c is also an important source of PM. Many studies suggest that 
PM levels within 500 m of a heavily traveled roadway are increased, as are exacer-
bations of asthma. One of the more common components of vehicular PM is diesel 
exhaust particles (DEP). One of the more intriguing aspects of DEP is the effect of 
these particles on TH2 infl ammation. Numerous animal, in vitro and human studies 
have shown that DEP exerts are robust pro-TH2 effect (Diaz-Sanchez et al.  2003 ; 
Peden  2002 ; Riedl and Diaz-Sanchez  2005 ; Pandya et al.  2002 ). Numerous human 
challenge studies have examined the effect of diesel exhaust and DEP on airway 
infl ammation and lung function. 

 Nasal challenge studies in humans have shown that DEP modulates IgE medi-
ated responses. In the fi rst of these studies, 4 atopic and 7 non-atopic volunteers 
underwent nasal challenge with increasing doses of DEP. 0.3 mg of DEP induced 
nasal IgE production (but not that of other immunoglobulin classes) 4 days after 
challenge (Diaz-Sanchez et al.  1994 ). The same group has observed that 0.3 mg 
DEP nasal challenge augments levels of Interleukin (IL)-4, IL-5, IL-6, and IL-10 
mRNA in recovered airway cells as well as enhances ragweed specifi c IgE and IgG 
response to ragweed allergen when compared to challenge with ragweed alone 
(Diaz-Sanchez et al.  1996 ,  1997 ). This group also used topical immunization of the 
nasal mucosa with keyhole limpet hemocyanan (KLH) to examine the effect of DEP 
on primary response to a neoantigen in humans. They found that DEP promoted 
local IgE and IgG response to KLH, whereas control treatment with saline was 
associated with only an IgG response to KLH (Diaz-Sanchez et al.  1999 ). Taken 
together, these observations show that DEP is a pro-TH2 adjuvant in humans. 

 Another group of British and Swedish investigators examined infl ammatory, 
cytokine and antioxidant airway responses of normal and allergic volunteers 
exposed to diesel exhaust with particles diluted to a concentration of 100–300 μg 
diesel particles/m 3  (Behndig et al.  2006 ; Mudway et al.  2004 ; Pourazar et al.  2004 , 
 2005 ; Rudell et al.  1996 ; Salvi et al.  2000 ; Stenfors et al.  2004 ). Overall, responses 
to these exposures included increased non-specifi c airway reactivity, airway neutro-
philia, IL-6, IL-8 and myeloperoxidase in BAL fl uid. In bronchial tissue biopsies 
from these studies, mast cell and neutrophil numbers, ICAM-1, VCAM-1 and IL-13 
expression and for phosphorylated p38, NF- kB (p65), and phosphorylated JNK is 
increased after diesel exposure. 

 Viral infection is also a signifi cant cause of airway morbidity in asthma. Jaspers 
et al used live attenuated infl uenza virus infection as a model infection of the nasal 
airway to assess the effect of diesel exhaust exposure on LAIV infection. They 
found that diesel exposure was associated with augmented viral mRNA in nasal 
samples (Noah et al.  2012b ). This effect was exaggerated in samples from allergic 
volunteers, and allergic volunteers also had evidence of increased eosinophilic 
infl ammation.  In vitro  studies show that human epithelial cells exposed to diesel 
exhaust have increased expression of TLR3 and increased viral infection (Jaspers 
et al.  2005 ; Ciencewicki et al.  2006 ). These data suggest that diesel exhaust increases 
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susceptibility to viral infection with coincident enhancement of allergic airway 
infl ammation. 

 An increasingly important source of PM in the United States and worldwide are 
wood smoke particles (WSP) generated by various fi re events. Recent estimates 
indicate that landscape fi res alone account for between 260,000 and 600,000 deaths 
worldwide annually (Johnston et al.  2012 ). The National Interagency Fire Center 
reports that in 2012 there were 67,774 wildfi res involving 9,326,238 acres in the 
United States, demonstrating risk for WSP exposure from wildfi res. Wood smoke 
particle (WSP) exposures also occur with use of wood for indoor heating or recre-
ational activities, prescribed outdoor burns, and accidental structure fi res. One 
example of WSP-induced adverse health outcomes were those observed during a 
wildfi re in the eastern part of North Carolina in 2008 (Rappold et al.  2011 ). Studies 
of this event revealed an increased relative risk for asthma [1.65 (95 % confi dence 
interval, 1.25–2.1)], chronic obstructive pulmonary disease [1.73 (1.06–2.83)], and 
pneumonia and acute bronchitis [1.59 (1.07–2.34)] associated with increased ambi-
ent air WSP exposure. Additionally, emergency department (ED) visits for cardio-
pulmonary symptoms [RR = 1.23 (1.06–1.43)] and heart failure [RR = 1.37 
(1.01–1.85)] were also signifi cantly increased in the exposed population. While 
both respiratory tract and systemic effects were seen in this study, the greatest 
impact was seen in asthmatics. 

 However, precise mechanisms by which WSP would impact asthma are largely 
unknown. A lack of controlled exposure studies of healthy or asthmatic volunteers 
results in a signifi cant gap in knowledge of how WSP exposure impacts exposed 
populations (Naeher et al.  2007 ; Noonan and Balmes  2010 ; Zelikoff et al.  2002 ). To 
date, the majority of the few controlled exposure studies examining the effect of 
WSP on airway infl ammation in volunteers have involved studies of healthy or 
atopic, but not asthmatic, volunteers (Ghio et al.  2012 ; Riddervold et al.  2012 ; 
Stockfelt et al.  2012 ; Barregard et al.  2006 ,  2008 ; Sallsten et al.  2006 ). Furthermore, 
the endpoints of these studies have primarily been symptoms, lung function, evi-
dence of infl ammation and a small number examining impact of cardiovascular 
responses. While the direct effect of acute WSP exposure seems modest, other 
effects, including increased either non-specifi c or allergen-specifi c bronchial reac-
tivity has not been well studied. Regardless, the epidemiological data is compelling 
for biomass derived PM playing an important role in asthma exacerbation. 

 Side stream tobacco smoke (STS, side stream smoke from the burning end of 
the cigarette and exhaled mainstream smoke from the smoker) is also a major 
source respirable particles in indoor environments and is perhaps the most signifi -
cant and remediable indoor air contaminant in the United States. An example of the 
impact of STS on indoor particulates was shown in a study of 11 restaurants in 
Paducah, Kentucky. In these locations the mean PM2.5 concentration in smoking 
areas was 177 μg/m 3  vs. 87 μg/m 3  in the non-smoking sections of these establish-
ments. The PM 2.5 concentration of the non-smoking section was 29 times higher 
than that in smoke-free air and six times higher than local outdoor air in Paducah 
(Jones et al.  2006 ). 
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 Early-life secondhand tobacco smoke (STS) exposure contributes to asthma 
development. A substantial percentage of children are subjected to perinatal tobacco 
smoke exposure or STS exposure during early childhood (Accordini et al.  2012 ; 
Gilliland et al.  2000 ; Lannero et al.  2006 ; Morgan and Martinez  1992 ). Effects of 
STS on DNA methylation and other epigenetic modifi cations through oxidative 
stress mechanisms are hypothesized to modify the lifelong effect of children 
exposed to tobacco smoke  in utero  or during early life (Lovinsky-Desir and Miller 
 2012 ). Tobacco smoke exposure also causes acute wheezing illnesses and asthma 
exacerbations in children. STS exposure increases urinary leukotriene E4 in chil-
dren (a biomarker for atopic disease), which is associated with subsequent albuterol 
usage (Rabinovitch et al.  2008 ,  2011a ,  b ). Although avoidance of home exposures 
have been shown to reduce asthma-related hospitalizations and emergency room 
visits, large-scale intervention studies thus far have showed modest to no changes in 
parental smoking habits. The evidence is overwhelming that STS is a cause of air-
way disease, with numerous reviews detailing the role of STS in asthma exacerba-
tion and development of allergy (Etzel  2003 ; Gergen  2001 ; Gilmour et al.  2006 ; 
Gold  2000 ). 

 Diaz-Sanchez and colleagues in Southern California examined the effect of 
experimental exposure to STS on nasal responses to allergen in humans, They 
reported a remarkable increase in allergen-induced specifi c IgE and IgG4, increased 
IL-4, IL-5 and IL-13, and decreased levels of γ-interferon associated with STS 
exposure. There were also augmented amounts of histamine in nasal lavage fl uid 
after allergen challenge associated with STS exposure (Diaz-Sanchez et al.  2006 ). 
It is notable that polyaromatic hydrocarbons, which mediate the TH2 promoting 
actions of DEP as previously discussed, are also found in STS. Taken together, these 
mechanistic studies support epidemiological reports demonstrating that STS expo-
sure enhances development of atopy and asthma (Bernstein et al.  2004 ; Gilmour 
et al.  2006 ; Nel et al.  2001 ). 

 Bioaerosols are another type of airborne contaminant present in both indoor and 
outdoor airsheds. The most vigorously studied bioaerosol component is bacterial 
endotoxin, which has been found on recovered outdoor coarse and fi ne mode PM 
and indoor dust samples (Rabinovitch et al.  2005 ; Carty et al.  2003 ; Mueller- 
Anneling et al.  2004 ; Pacheco et al.  2002 ). With regard to development of asthma 
and allergy, endotoxin has two faces. On one hand, a substantial body of epidemio-
logical and laboratory studies suggest that early life exposure to endotoxin may 
protect against the development of IgE responses to allergens (Liu  2002 ,  2004 ; 
Fuleihan  2002 ; Liu and Redmon  2001 ; Liu and Leung  2006 ; von Mutius  2000 ). 
This so-called “hygiene hypothesis” posits that as lifestyle changes have occurred 
in which immune response to microbial elements, including pathogen associated 
molecular patterns (PAMPS) is decreased, there has been increased development of 
TH2 responses. Such changes are widely thought to be multifactorial, including 
increased use of antibiotics, decreased exposure to mammals (be they pets, vermin, 
livestock or even other people) and the bacterial components which come from their 
skin and waste, increased general cleanliness, use of immunizations and almost 
certainly a host of other changes in human lifestyle which generally occurred 
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 simultaneously over the past 100 years. However, contrasting with these studies 
is evidence that acute airway disease is exacerbated following increased exposure 
to endotoxin (Liu  2002 ,  2004 ; Thorne et al.  2005 ; Fuleihan  2002 ; Liu and Redmon 
 2001 ; Liu and Leung  2006 ; von Mutius  2000 ; Heederik and Sigsgaard  2005 ; Von 
Essen  1997 ; Von Essen et al.  1995a ,  b ,  1998 ; Von Essen and McCurdy  1998 ). 
Occupational exposure to endotoxin (primarily agricultural) reveals that airway dis-
ease increases with increased exposure. In infants, wheezing events have been 
shown to correlate with levels of endotoxin present in household dust. In school age 
children with asthma, personal endotoxin exposure is correlated with increased 
asthma symptoms. Thus, in occupational, domestic and ambient settings, endotoxin 
in the airshed can cause exacerbation of airway disease. 

 Furthermore, while endotoxin exposure in early life (during sensitization) may 
protect against sensitization to allergen, such exposure may enhance response to 
allergen in already sensitized volunteers. We have reported that nasal challenge with 
endotoxin augments response to house dust mite allergen in the nasal airway 
(Eldridge and Peden  2000 ), and that exposure to low level particle bound endotoxin 
(250 ng/m 3 ) augments immediate phase response to inhaled mite allergen (Boehlecke 
et al.  2003 ). In studies of the effect of endotoxin instillation on response to instilled 
allergen in the bronchial airways, it was found that LPS augmented recovery of 
allergen-associated infl ux of lymphocytes, neutrophils, eosinophils, monocytes, and 
myeloid DCs, and as well as increased levels of lipopolysaccharide-binding protein, 
IL-1alpha, IL-6, and tumor necrosis factor-alpha in the bronchoalveolar lavage fl uid 
compared with allergen alone (Schaumann et al.  2008 ). 

 Endotoxin also interacts with environmental agents other than allergen. In 
domestic settings, it has been shown that in environments in which airborne cotinine 
is increased, so too is disease morbidity linked to endotoxin exposure. In settings in 
which indoor NO 2  levels are increased, endotoxin exposure is associated with 
decreased symptoms. However, in low NO 2  settings, endotoxin is linked to increased 
disease (Matsui et al.  2013 ). In another study, having dogs associated with a specifi c 
domestic environment increased symptoms and responses to ambient air pollutants, 
most notably PM (McConnell et al.  2006 ). Overall, the environmental endotoxin 
appears to enhance response to pollutants, just as it enhances response to allergens. 
However, the precise nature of endotoxin exposure on response to specifi c 
 environment agents remains incompletely understood. 

4.3.1     Ozone 

 Of the various pollutants for which a National Ambient Air Quality Standard 
(NAAQS) has been established, ozone is the pollutant that the public most com-
monly encounters at levels that exceed its NAAQS limit (0.075 ppm O 3  over 8 h). 
Ozone is unquestionably associated with exacerbation of asthma, typically with a 
1–2 day lag between exposure and exacerbation (Bernstein et al.  2004 ; Peden  2008 ). 
While levels above the NAAQS are associated with disease, it has also been shown 
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that asthma exacerbation can occur at levels as low as 0.06 ppm (Bernstein et al. 
 2004 ; Gent et al.  2003 ). In one recent study, it was shown that in asthmatic children 
aged 6-18, there was a 20 % increase in hospitalization admission and a 19 % 
increased risk for admission to the Intensive Care Unit for each 0.022 ppm increase 
in ozone (Silverman and Ito  2010 ). Other data suggest that ozone exposure might 
either cause, or at least unmask asthma. In a study in Southern California, children 
without asthma who played aerobic sports we assessed for presence of asthma over 
several years (McConnell et al.  2002 ). Those who lived in a higher ozone area were 
3.5 fold more likely to have a new diagnosis of asthma identifi ed than those who 
either lived in a low ozone area, or those who did not play outdoor aerobic sports. 

 The mechanism by which ozone causes asthma exacerbation is not entirely clear. 
In human challenge studies, ozone has been reported to cause a number of responses, 
the most avidly studied being including a pain (C-fi ber) mediated immediate and 
short lived decrease in lung function and an acutely increased neutrophilic infl am-
mation that includes increased PMNs (Bernstein et al.  2004 ; Barnes  1995 ; Bromberg 
and Koren  1995 ). Ozone exposure also causes infl ux of dendritic cells and macro-
phages with increased expression of innate immune and antigen presentation mark-
ers (Alexis et al.  2004 ; Lay et al.  2007 ), as well as increased airway permeability 
and bronchial reactivity (Kehrl et al.  1987 ; Que et al.  2011 ). It is important to note 
that as with epidemiology studies, several human challenge studies have shown that 
human airway responses to ozone can be initiated at levels of ozone as low as 
0.06 ppm ozone (Adams  2006 ; Alexis et al.  2010 ,  2013 ; Kim et al.  2011 ). 

 Not all people express each response the same way. It has been shown that some 
people with a robust lung function effect of ozone have a modest (or absent) PMN 
response. Likewise, people with a muted lung function response to ozone may have 
increased airway reactivity. In short, each of these responses is likely mediated in 
whole or part by unique mechanisms (Hernandez et al.  2010 ,  2012a ; Peden  2008 , 
 2011 ; Bromberg and Koren  1995 ). Some pharmacologic studies support this idea. 
For instance, cyclooxygenase inhibitors, inhaled lidocaine, and opiate analgesics 
will inhibit or reverse the lung function effect of ozone, but have little effect on 
infl ammation or airway reactivity (Alexis et al.  2000 ; Hazucha et al.  1989 ,  1996 ; 
Passannante et al.  1998 ; Schelegle et al.  1987 ; Ying et al.  1990 ). Likewise, inhaled 
corticosteroids and targeted anti-infl ammatory agents will decrease the infl amma-
tory response to ozone, but have no effect on the nociceptive lung function response 
(Alexis et al.  2008 ; Holz et al.  2005 ; Lazaar et al.  2011 ; Vagaggini et al.  2001 ). 

 While asthmatics have similar general responses to ozone as do non-asthmatics, 
they do have exaggerated innate immune/infl ammatory responses to this gas. This 
includes increased PMNs in the airway, as well as increased IL-1 and IL-8 levels 
and increased expression of TLR4, antigen presentation markers on airway mono-
cytes and macrophages (Hernandez et al.  2010 ,  2012b ; Basha et al.  1994 ). 
Additionally, as atopic asthmatics and rhinitics have increased baseline TH2 infl am-
mation, ozone exposure enhances airway eosinophilia and eosinophil cationic pro-
tein levels in airway fl uids, whereas this is not seen in non-atopic volunteers (Peden 
et al.  1995 ,  1997 ; Bascom et al.  1990 ). Ozone challenge has also been shown to 
enhance immediate response to inhaled allergen (as shown by decreased PD15 or 
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PD20 levels) and increased allergen-induced eosinophil numbers following 
challenge (Peden et al.  1995 ; Holz et al.  2002 ; Jorres et al.  1996 ; Kehrl et al.  1999 ; 
Bascom et al.  1990 ; Chen et al.  2004 ; Molfi no et al.  1991 ). It is not clear which 
ozone responses mediate increased responsiveness to allergen. However, we 
 hypothesize that ozone-induced changes in airway infl ammation or permeability 
contribute to enhanced response to allergen. 

 It is important to note that the effect of ozone on nociceptive decrements in lung 
function is infl uenced by the ambient air concentration, duration of exposure, and 
minute ventilation (McDonnell et al.  1983 ,  1993 ). Female gender and increased 
BMI may also be risk factors for increased lung function response to ozone (Bennett 
et al.  2007 ). Less is known about exposure/response characteristics for the infl am-
matory response to ozone. One recent study utilizing resting or exercise face-mask 
exposure to 0.4 ppm -18 O 3  again found that resting exposure did not impact lung 
function compared to exposure with exercise (Hatch et al.  1994 ). More intriguingly, 
ozonation products from the lower airway (in BAL fl uid) were increased with exer-
cise exposure, whereas they were increased in nasal lavage fl uid with resting expo-
sure. There was also increased airway infl ammatory response refl ected in BAL fl uid 
associated with exercise exposure to ozone. Taken together, these observations sup-
port the hypothesis that the respiratory dose of ozone is a function of concentration, 
duration of exposure and ventilation. Indeed, even robust doses of ozone exert little 
effect on the lower respiratory tract with typical resting ventilation. Equally interest-
ing, there is increase deposition and infl ammation in the nasal airway at rest. To the 
extent that allergic rhinitics or airway infection might be impacted by ozone, this 
may be more likely at rest than with exercise.  

4.3.2     Sulfur Dioxide 

 Ambient SO 2  can be encountered either as an acid aerosol (H 2 SO 4 ) or as a gas phase 
pollutant. Increased ambient air exposure to SO 2  is associated with higher hospital 
admission rates and emergency room visits for respiratory disease (Bernstein et al. 
 2004 ; Health Effects of Outdoor Air Pollution  1996 ; Horstman et al.  1982 ,  1988 ; 
Koenig and Pierson  1991 ; Pierson et al.  1986 ; Schachter et al.  1984 ; Sunyer et al. 
 2003 ; Trenga et al.  2001 ). Decreased lung function in children and the risk of devel-
oping chronic asthma or obstructive lung disease likewise is associated with 
increased chronic exposure to SO 2  (Health Effects of Outdoor Air Pollution  1996 ; 
Sunyer et al.  2003 ; Delfi no et al.  2003 ). However, it can be diffi cult to separate 
effects of sulfur dioxide from that of particulate air pollutants. 

 As outlined in previous reviews (Peden  1997 ,  2008 ), challenge studies with sul-
fur dioxide do not reveal marked infl ammatory effects at relevant concentrations. 
However, this gas has potent bronchospastic effects in asthmatics. Normal volun-
teers are unaffected with concentrations as high as 0.6 ppm while in sensitive asth-
matics the FEV1 can be reduced by as much as 60 % at concentrations of 0.25 ppm, 
though most asthmatics react to 0.50 ppm. Other SO 2 -related symptoms in 
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 asthmatics include wheezing, chest discomfort and dyspnea. The actions of SO 2  are 
usually observed within 2 min, becoming maximal within 5–10 min into exposure. 
Spontaneous recovery occurs within 30 min and exposed asthmatics are refractory 
to the effects of SO 2  for up to 4 h after initial exposure. Repeated exposures to SO 2  
induce tachyphylaxis as well (Peden  1997 ,  2008 ). 

 Nasal breathing reduces the effect of SO 2  in asthmatics, due to absorption of this 
water-soluble gas by the nasal mucosa. As with ozone, exercise augments response 
in the lower airway. This is likely because exercise causes in a shift from nasal 
breathing to combined oral and nasal respiration, increasing the amount of SO 2  
delivered to the bronchial airway. As asthmatics have a high occurrence of nasal 
co-morbidities (such as allergic rhinitics or sinusitis), this may increase the impact 
of SO 2  in this population.  

4.3.3     Nitrogen Dioxide 

 Ambient air and indoor NO 2  (likely from gas stove use) has been shown to exert 
chronic and acute changes in lung function in numerous epidemiologic studies. It is 
a precursor for generation of ozone, but NO 2  has direct effects on infl ammatory 
response. NO 2  has been shown to induce infl ammatory cytokines secretion by epi-
thelial cells  in vitro. In vivo  challenges of healthy volunteers have shown that NO 2  
exposure causes an infl ux of airway PMNs. Higher levels of NO 2  (4.0 ppm) may 
impact airway function of asthmatics, but several investigators have reported that 
challenge with ambient levels of NO 2  did not modify non-specifi c airway reactivity 
(Peden  1997 ; Barnes  1994 ; Koenig  1999 ). 

 NO 2  does have a more noticeable effect on airway mucosal responsiveness to 
allergen in allergic asthmatics (Jenkins et al.  1999 ; Tunnicliffe et al.  1994 ; Wang 
et al.  1995a ,  b ). Challenge with 0.4 ppm NO 2  for 4 h increases response to to inhaled 
allergen. Likewise, challenge to 0.2 ppm SO 2  and 0.4 NO 2  for 6 h increased immedi-
ate responses of mild asthmatics to inhaled allergen. Like ozone, NO 2  enhances late 
phase cellular responses of asthmatics to allergen. Another study found that expo-
sure to 0.4 ppm NO 2  for 6 h increases allergen-induced eosinophil cationic protein 
in the nasal airways of allergic asthmatics. Taken together, these studies demon-
strate that NO 2  augments acute response to allergen in atopic subjects.   

4.4     Genetic Infl uences on the Response to Pollutants 
Relevant to Asthma 

 Large scale GWAS analysis of gene by environment interactions in respiratory dis-
ease has identifi ed a number of candidate genes which modify risk for disease. 
However, many studies exploring gene by environment interactions in respiratory 
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and allergic diseases have been underpowered, and negative results are often under-
reported. Thus, a complete understanding of the genetic factors which likely modu-
late risks for adverse health effects to pollutants is elusive (London  2007 ). However, 
there are some genetic polymorphisms associated with oxidative stress and innate 
immune response have emerged as potential modulators of risk of environmentally- 
induced airway disease and are briefl y reviewed below. 

 Exposure to most air pollutants promotes the radical formation and genetic varia-
tions that cause relative defi ciencies of antioxidant defenses may allow for greater 
radical-induced airway infl ammation and hyperreactivity following pollutant expo-
sure. A number of antioxidant enzymes are regulated by master transcription factor 
nuclear factor (erythroid-derived 2)-like 2 (NRF2) regulate cellular and mucosal 
oxidant stress. Cells that encounter oxidative stress activate NRF2 binding to the 
Antioxidant Response Element (ARE), which initiates the transcription of a broad 
range of these antioxidant genes, protecting cells from the harmful effects of oxida-
tive agents (Peden  2005 ; Kleeberger and Peden  2005 ). 

 Polymorphisms of several glutathione S-transferase (GST) genes have been 
examined due to the role of these enzymes in antioxidant defense. The glutathione-
S- transferase Mu1 (GSTM1), null genotype has been associated with increased 
response to environmental agents. The GSTM1 null genotype (which results in no 
production of the GSTM1 protein) has been associated with an increased risks of 
wheezing in children exposed to tobacco smoke during the perinatal period and 
acute exacerbation of asthma following ambient air ozone exposure (Peden  2011 ; 
Gilliland et al.  2002 ; Romieu et al.  2004 ,  2006 ). In human challenge studies, the 
GSTMI null genotype increased have increased neutrophil infl ux to the airway 24 h 
following exposure to ozone at a level of 400 ppb as well as increased the risk of 
having a PMN response to 0.06 ppm O 3  by 13 fold (Peden  2011 ; Alexis et al.  2009 , 
 2013 ). In human epithelial cells in culture, knockdown of GSTM1 led to enhanced 
IL-8 production from human bronchial epithelial cells exposed to ozone (Peden 
 2011 ; Alexis et al.  2009 ,  2013 ; Wu et al.  2011 ). Thus deletion of GSTM1 causes 
increased risk of response to ozone. 

 The GSTM1 null genotype has also been shown to augment response to particu-
lates. Inhalational challenge to 20,000 endotoxin unit doses of endotoxin, character-
ized by increased PMN response as well as with elevated levels of IL-1β and TNFα 
in the sputum (Dillon et al.  2011 ). This level of endotoxin is similar to that to which 
a worker in an animal farming operation would be exposed to during an 8 h work 
shift. Genetic variation in both GSTM1 and GSTP1 modify the adjuvant effect of 
diesel exhaust particles on allergic infl ammation. Subjects with the null genotype 
for GSTM1 and GSTP1 codon 105 variants have been reported to have enhanced 
nasal allergic responses in the presence of diesel exhaust particles (Gilliland et al. 
 2004 ). Subjects with these genetic variants also demonstrate larger responses to 
allergens with secondhand tobacco smoke with increases in nasal-allergen specifi c 
IgE and histamine (Gilliland et al.  2006 ). 

 The G-308A single nucleotide polymorphism of the promoter region of the gene 
for TNFα has also been associated with increased risk for pollutants induced disease 
in epidemiologic studies. Yang et al reviewed a number of studies examining the 
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impact of TNFα variations on response to pollutants (Yang et al.  2008 ). Human 
challenge studies have shown that this SNP modifi es response to O 3  and SO 2 . In one 
study of 51 participants exposed to ozone (Yang et al.  2005 ), a statistically signifi -
cantly greater effect of O 3  on decrease in FEV1 was observed in those subjects with 
the TNF –308G/G genotype. This SNP is also a component of a specifi c haplotype 
thought to modulate response to O 3 . The other elements of this haplotype include 
SNPs for lymphotoxin A (LTA) and two other regions of the TNF gene. It was found 
that the LTA +252G/TNF–1031 T/TNF–308A/TNF–238G haplotype conferred the 
smallest change in FEV1 with ozone exposure. It has also been shown that the TNF 
–308G/G genotype signifi cantly increased the risk of being a SO 2  responder (>12 % 
decrease in FEV1 with SO 2 ) in a study of 51 asthmatics exposed to 0.5 ppm SO 2 . In 
this study, all of the volunteers who met the defi nition of SO 2  responsiveness (n = 12) 
had this genotype (Yang et al.  2008 ). 

 The importance of interaction between antioxidant and pro-infl ammatory genes 
was shown in an epidemiological study of 1,123 children. In this study, the TNF 
–308G/G genotype was associated with decreased risk of wheezing, especially in 
those living in low ozone areas. However, the protective effect of this TNF genotype 
was less in subjects with GSTM1-null and GSTP1 Ile/Ile genotypes, which are 
associated with decreased antioxidant defense. These are somewhat confl icting 
fi ndings, as the TNF –308G/G genotype is associated with a greater fall in FEV1 
with O 3  and SO 2 , whereas this genotype was protective against wheezing in low 
ozone communities (Li et al.  2006 ). 

 One explanation for this apparent discrepancy may lie in the different effects of 
these genes on specifi c pollutant response phenotypes. For instance, O 3  evokes both 
a nociceptive response on lung function and infl ammatory response in the airway. 
The GSTM1 null has no effect on the nociceptive response, but signifi cant impact 
on airway infl ammation. It is possible that in the population study, nociceptive 
effects on lung function may actually protect against disease due to infl ammation. 
When coupled with GST SNPs which likely allow for increased infl ammation, the 
TNF impact on wheeze may have been negated. These results highlight the need for 
continued defi nition of pollutant response phenotypes, functional confi rmation of 
the biology of specifi c genetic factors on response to pollutants and understanding 
of gene X gene X environment interactions.  

4.5     Potential Therapeutic Interventions 
for Pollutant- Induced Airway Disease 

 While specifi c agents targeting pollutant-induced asthma exacerbation are not 
currently clinically approved, understanding the potential mechanisms for pollutant- 
exacerbated asthma allows investigation into potential therapeutic interventions. 
Anti-infl ammatory agents and antioxidants both have substantial potential to 
decrease the effects of pollutants on airway disease epithelial cells, as reviewed by 
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Auerbach and Hernandez ( 2012 ). The effects of a number of potential interventions 
to mitigate the effect of pollutants is shown in Table  4.2 

   A number of anti-infl ammatory agents have been demonstrated to decrease air-
way hyperreactivity in response to pollutants. Sodium cromoglycate inhibits 
 LPS- induced bronchial obstruction in asthmatic subjects who were pre-treated with 
this agent (Michel et al.  1995 ). Corticosteroids may also be useful for acute 
pollution- exacerbated asthma. Inhaled corticosteroids reduce airway neutrophilia 
caused by ozone exposure in asthmatics and normal volunteers (Alexis et al.  2008 ; 
Vagaggini et al.  2001 ). Lazaar et al recently described a selective chemokine (C-X-C 
motif) receptor 2 (CXCR2) antagonist that inhibits chemokine (C-X-C motif) ligand 
1 (CXCL1) -induced CD11b expression on peripheral blood neutrophils with resul-
tant decrease in neutrophil activation and recruitment in ozone-induced airway neu-
trophilia, suggesting a potential role for this antagonist in neutrophil-predominant 
airway morbidity (Lazaar et al.  2011 ). 

 Antioxidant interventions have also received attention as potential interventions 
for pollutant-induced airway disease. Different research teams have reported that 
combination treatment with α-tocopherol and vitamin C reduces ozone-induced 
lung function decrements in asthmatics (Romieu et al.  1998 ,  2002 ; Romieu and 
Trenga  2001 ). A study in normal volunteers found that this combination was useful 
in healthy volunteers following a 3 week antioxidant depleted diet for 3 weeks 
(mimicking a state of poor antioxidant nutritional status) (Samet et al.  2001 ). 
Gamma tocopherol (another variant of vitamin E) has also been shown to mitigate 
endotoxin induced airway infl ammation in both animal and human studies 
(Hernandez et al.  2013 ). 

 Oral supplementation with sulforaphane, an antioxidant compound recovered 
from specially bred broccoli, causes upregulation of NRF2-regulated Phase II 
enzymes (including GSTM1). Sulforaphane has been shown to induce phase II 
enzymes in B cells, effectively reducing diesel exhaust particle enhancement of 
IgE-production and in primary bronchial epithelial cells, reducing pro- infl ammatory 
cytokine production by diesel (Wan and Diaz-Sanchez  2006 ).  In vivo  studies reveal 
that Phase II enzymes in nasal epithelial cells can be induced by 3 days of oral SFN 

   Table 4.2    Summary of early human studies of potential interventions to prevent pollutant effects   

 Intervention  Reported action 

 Inhaled corticosteroids  Prevents neutrophilic infl ammation associated with O 3  
and endotoxin 

 Cyclo-oxygenase inhibitors  Prevents nociceptive decrease in lung function following O 3  
challenge 

 Ascorbic acid and alpha 
tocopherol 

 Associated with decrease effect of ozone in fi eld studies, 
especially in GSTM1 defi cient individuals 

 Sulforaphane  Shown to upregulate antioxidant enzymes in humans, proposed 
actions for PM, O 3  effects 

 Gamma tocopherol  Decreases neutrophilic response to inhaled endotoxin 
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supplementation (Ritz et al.  2007 ). Further work is required to determine which 
antioxidant interventions may be best suited for particular pollutant exposures, the 
best route of administration, and which populations may benefi t the most from 
particular interventions. 

 In addition to pharmaceutical/nutritional interventions, societal interventions can 
also decrease pollutant induced disease. One example of this was already outlined 
above in which a work stoppage at a steel mill in the Utah Valley resulted in 
decreased PM production associated with decreased respiratory disease (Pope  1989 , 
 1991 ). In the 1996 Olympics in Atlanta, traffi c patterns and use of major roadways 
were modifi ed to accommodate the games (Friedman et al.  2001 ). These traffi c 
interventions were associated with decreased ozone levels and fewer hospital and 
ER events related to asthma and respiratory disease compared to periods immedi-
ately before and after the games. Finally, it is very clear that removal of tobacco 
smoke from an indoor environment will markedly reduce airway disease. Thus, 
policy interventions can have signifi cant impact on individual health outcomes.  

4.6     Summary 

 While many ambient air pollutants contribute to development and exacerbation of 
asthma, some likely have greater impact than others. In the United States and other 
developed nations, the ambient levels of many NAAQS pollutants have decreased, 
to a great extent as a result of public policy decisions made over the past 30 years. 
However, despite these improvements, pollutant induced asthma continues to be a 
problem. This may be due to increased susceptibility of the population resulting 
from increases in atopy, obesity (which is increasingly recognized as a risk factor 
for response to pollutants) or patterns of exposure associated with socioeconomic 
status. Also, just as multiple lifestyle factors likely contribute to the increase in 
atopy, multiple simultaneous factors, many of which may currently be unknown, 
likely enhance response to pollutants. Yet to be determined is the full impact of 
modern diets, changes in mucosal microbiome, pharmacologic impacts on pollut-
ants and simultaneous exposure to several pollutants. 

 Ozone and particulate matter appear to be of greater impact than other outdoor 
pollutants. As public policy changes have been helpful in causing a reduction in 
NAAQS pollutants, it is clear that further reductions in ambient air pollutants will 
be increasingly diffi cult to achieve. Further, levels of pollutants below the current 
NAAQS will cause responses in subsets of the populations (e.g. asthmatics, those 
genetically predisposed to pollutant effects). Thus, it will be important to under-
stand how simultaneous pollutant exposures impact human biology, as regulatory 
efforts may require more nuanced efforts at multiple pollutants. It may be most 
effective to focus on the actions of ozone or PM with various pollutants to assess the 
potential for regulation of complex mixtures. It will also be important to identify 
interventions that individuals can employ to mitigate the impact of pollutant expo-
sures when they known (or anticipated) for that individual. Identifi cation of specifi c 
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risk factors may help to identify those who are most likely to benefi t from interven-
tions. Finally, it will be important to appreciate the impact of air pollutants on respi-
ratory health in the developing world. In region where indoor biomass burden is 
increased due to biofuel burning cookstove use is prevalent, deploying cookstoves 
which vent resultant smoke outdoors may signifi cantly decrease pollutant burden. 
Also, it seems likely that PM may prove to be even more important than ozone in 
these regions, and both policy and individual interventions should focus on the 
impact of PM.     
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    Chapter 5   
 Air Pollution and Chronic Obstructive 
Airway Disease 

             Imre     Redai      and     Angela     Haczku     

5.1             Introduction 

 Reigning in fi re is regarded as one of the essential steps in the emergence of humans 
as the dominant species on Earth. Fire provides us with cooked, thus more easily 
digestible food. It is the source of heating that allowed us to spread to and continue 
to live at latitudes and altitudes with unfavorable climates. Until the invention of the 
light bulb, fi re was the source of all light between sunset and dawn. Fire based 
energy fuelled the Industrial Revolution from the eighteen century onwards and 
allowed us to leave our planet and explore space. Inhaled fi re-born pollutants 
affected and continue to affect the respiratory health of a large portion of humans. 
Preparing food with the use of open fl ames producing large quantities of environ-
mental pollutants (lots of smoke that is) remains highly popular: think about 
 backyard barbecues, a platter of smoked meats and cheeses, well roasted coffee 
beans, or just single malt whisky. On a different scale, industrial mining, chemical 
processing, emergence of mega-cities with continuously increasing needs in trans-
portation resulted in permanent presence of pollutants like exhaust fumes and 
ground level ozone in the urban environment. Employees in a wide variety of pro-
fessions are exposed to inhaled pollutants potentially damaging their lungs. All in 
all, development of civilization, as we defi ne it, has been presenting a continuous 
non- physiological challenge for our respiratory tract. 

 Chronic obstructive airway disease (COPD), the focus of this chapter, is a 
chronic, progressive, irreversible condition characterized by exacerbations and 
remissions ultimately leading to respiratory failure and death. Exposure to air 
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 pollutants not only aggravates pre-existing airway disease, but also increases the 
number of new cases, even in rural areas. Globally, air pollutants now rival tobacco 
smoke as the leading risk factor for COPD (Arbex et al.  2012 ). In this review, we 
discuss emerging epidemiologic evidence of the role of air pollution on COPD and 
will review the potential cellular-molecular basis of the pollutant-caused pathologi-
cal changes.  

5.2     Pollution and COPD: Historical Perspectives 

 While a vast body of COPD research has been focusing on the effects of cigarette 
smoke on the respiratory tract, data are also emerging on the pathogenic function of 
air pollution in this disease with the hope for prevention and treatment. These stud-
ies (initiated by catastrophic events in which a sudden deterioration of air quality 
resulted in dramatic respiratory effects) have been the driving force behind environ-
mental plans for air quality monitoring and improvement. The lethal industrial haze 
that occurred in October 1948 in Donora, PA and the 5-day smog that enveloped 
London and killed close to 12,000 people within 3 months in December 1952 were 
two environmental disasters that were widely publicized and regarded as the major 
promoter for the study of air pollution epidemiology (Hunt et al.  2003 ; Davis et al. 
 2002 ; Bell and Davis  2001 ; Bates  2000 ). As a result, the US Congress passed the 
Clean Air Act Amendments in 1970, leading to the establishment of air quality 
standards. 

 The earliest study looking into the association of chronic environmental pollut-
ants and morbidity and mortality related to COPD utilized sickness, retirement, and 
death statistics in the British Civil Service in the 1950s. Postmen delivering mail in 
areas with higher air pollution (increased incidence of urban fog) have had a signifi -
cantly greater incidence of absence from work due to chronic bronchitis and were 
more likely to retire from the service early or die prematurely because of respiratory 
ailments. Prolonged repeated exposure with longer daily periods was associated 
with worse outcome on respiratory health: susceptible postmen (working outdoors 
delivering mail twice a day) on average developed COPD about 20 years earlier in 
their life than the civil servants who were confi ned indoors for most of their working 
hours. Even among civil servants working indoors the incidence of COPD related 
absence correlated with the air pollution rate of their area of residence (Fairbairn 
and Reid  1958 ). 

 The recognition of the effect of air pollutants on development of COPD took on 
a new dimension starting in the 1960s with research conducted among non-smokers 
using biomass fuel for cooking and heating in India, Papua-New Guinea, Central 
America and Sub-Saharan Africa. An estimated three billion people are today 
exposed to sustained daily indoor air pollution. Most of these people live either in 
low-income countries or form the low-income strata of wealthy nations and over 
80 % of exposure to air pollutants in this population happens in their own homes 
(Ezzati and Kammen  2002 ). 
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 In addition to the detrimental effects of chronic exposure to air pollutants, some 
of the most devastating outcomes of acute exposure to air pollution were observed 
in patients with preexisting obstructive airway disease (Zanobetti et al.  2008 ). In 
December 1991 Londoners experienced an air pollution episode with mortality 
sharply increasing for all causes (excluding accidents). In the elderly over 65, but 
not in children (0–14), the relative risk of hospital admission during this episode 
was increased for all respiratory diseases (1.19), but it was signifi cantly greater for 
documented exacerbations of chronic obstructive lung diseases (1.43) (Anderson 
et al.  1995 ). In a different study, the effects of traffi c related pollution on respiratory 
symptoms were delayed in children, but were more immediate in the elderly 
(Halonen et al.  2008 ). These studies suggested that the acute effects of air pollution 
are more severe in the elderly who are suffering from COPD. Indeed acute exposure 
to air pollution is now considered a main contributor to mortality in COPD patients 
(Cazzola et al.  2007 ).  

5.3     The Role of Outdoor Air Pollutants in COPD 

 The major pollutants that are signifi cantly associated with respiratory failure include 
NOx, SO 2 , particulate matter (PM) and CO (Stieb et al.  2002 ). All of these are listed 
in the six criteria pollutants (nitrogen oxides, sulfur oxides, particulate matter, 
ozone, carbon monoxide, and lead) for which the US EPA established the National 
Air Quality Standards. 

 Nitrogen dioxide (NO 2 ) is a toxic gas that can be produced by fossil fuel combus-
tion or industrial activities. The December 1991 air pollution incident in London 
came with record high nitrogen dioxide levels associated with black smoke. Elderly 
patients suffering from COPD showed a signifi cantly increased sensitivity to this 
pollutant manifested in increased hospital admission (Anderson et al.  1995 ). 

 Particulate matter contains particles with size less than 10 μm in aerodynamic 
diameter (PM 10 ). These particles contain a mixture of inhalable material from dust, 
smoke, soot, and combustion, are small enough to reach the lower airways and 
induce/maintain chronic infl ammation. Halonen et al. studied the effects of urban 
PM in air pollution on asthma and COPD. They found that traffi c related PM 2.5  
(≤2.5 μm in aerodynamic diameter) caused delayed respiratory effects (hospital 
emergency room visits for asthma) in children ≤15 years of age. Meanwhile, PM 2.5  
accumulation was associated with acute respiratory effects (hospital emergency 
room visits for a combination of asthma and COPD) in adults (15–65) and the 
elderly (≥65 years of age) (Halonen et al.  2008 ). That elderly, COPD patients might 
have a heightened sensitivity to traffi c related fi ne particles (PM 2.5 ) in comparison 
with healthy individuals has been confi rmed by additional investigations (Zanobetti 
et al.  2008 ). 

 It is interesting to note that a single cigarette exposes COPD patients (the major-
ity of whom have been smokers) to ~15,000–40,000 μg of PM of similar size and 
composition to what is found in traffi c related pollution. Given that during an 
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 average exposure the inhaled PM amount does not exceed 720 μg, the underlying 
mechanism of such sensitivity of the COPD patients to traffi c related air pollution 
remains obscure and somewhat baffl ing. Nonetheless, to provide a greater aware-
ness of the PM levels, the U.S. Environmental Protection Agency now includes lev-
els of air pollution particles in an air quality index (Sint et al.  2008 ). 

 The role of outdoor, generally urban or traffi c-related air pollution in triggering 
acute exacerbations and worsening symptoms in patients suffering from various 
degrees of COPD is well established (Sunyer  2001 ). In contrast, the association of 
chronic, life-long exposure to the same outdoor air pollution with the risk of devel-
oping COPD is far less clear and even recent studies have remained largely incon-
clusive (Schikowski et al.  2014 ). No single pollutant or pollutants have been 
identifi ed as causative agents in traffi c-related COPD. Measuring exposure to pol-
lutants, like nitrogen oxides (NO 2  in particular), ozone (O 3 ), SO 2 , and PM correlated 
(or not) with prevalence of COPD equally, to just measuring the distance of the 
patient’s abode from a main road (Götschi et al.  2008 ). Long term continuous expo-
sure to low-grade air pollution on the lungs however was shown to lead to increased 
mortality of COPD patients related to both cardiovascular and respiratory causes 
(Jerrett et al.  2009 ; Krewski  2009 ; Katsouyanni et al.  2009 ). 

 Whether chronic low-grade exposure (which perhaps maintains a low level acti-
vation of the infl ammatory process in the airways) or intermittent high-level expo-
sure to pollutants (causing exacerbation of symptoms and fl are up of the infl ammatory 
process) is the main contributor to the development of COPD (Arbex et al.  2009 ) 
remains unclear. Perhaps both have a role but their relative impact in the induction 
and natural progression of the disease will need to be clarifi ed by future studies both 
in the laboratory and in the fi eld. This problem is further confounded by the possible 
link of childhood exposure to environmental air pollution and delayed or incom-
plete lung development and its contribution to the emergence of COPD in later life 
(Gauderman et al.  2004 ).  

5.4     Indoor Air Pollutants and COPD 

 Most of the research in COPD has been focusing on the association of this disease 
with chronic cigarette smoking and most of our understanding is based on clinical 
experience, animal models, diagnostic test, drugs, and therapeutic interventions all 
associated with cigarette smoke as a causative agent. Cigarette smoke exposes the 
smoker to high concentrations of airborne noxious agents for a short period of time 
in repeat intervals. On the other hand most chronic environmental airborne pollut-
ants elicit their effect on the lung by sustained, low-grade exposure; sometimes this 
exposure is constant during almost the entire life of the subject. The most common 
current environmental pollutant with epidemiological link to COPD is biomass fuel 
smoke with about half the population of the planet being exposed to biomass fuel 
smoke on a daily basis. The studies on indoor air pollution started in the 1960s with 
research into household COPD in non-smokers and its relation to biomass fuel use 
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in India, Papua-New Guinea, Central America and Sub-Saharan Africa (Ezzati and 
Kammen  2002 ). Indoor air pollution is the result of a combination of burning bio-
mass fuel (twigs, wood, animal dung, straw, peat and coal) with poor stove design 
(often open fi re) and poor ventilation (lack of a chimney and often even windows). 
The smoke generated by these fi res contains high concentrations of CO, nitrogen 
and sulfur oxides, aldehydes, and PM 10 . Field studies have reported average concen-
trations of airborne particles and agents of several magnitudes above the recom-
mended 150 μg/m 3  with inhabitants of these homes exposed to pollutants for long 
hours every day (Ezzati and Kammen  2002 ). Women and small children are dispro-
portionately represented in the affected population and the worldwide prevalence of 
COPD in women and chronic respiratory ailments in small children is strongly asso-
ciated with exposure to biomass fuel smoke (Torres-Duque et al.  2008 ). The impor-
tance of biomass smoke exposure is underscored by the fi nding that in women 
30-years exposure to either biomass smoke or cigarette-smoking results in the same 
likelihood of developing COPD (Sezer et al.  2006 ). There are no signifi cant differ-
ences in histopathological fi ndings in the lungs (which include anthracosis, chronic 
bronchitis, centrolobular emphysema, bronchial squamous cell metaplasia and 
hypertrophic remodeling of the pulmonary vascular tree) between patients with 
wood smoke-associated lung disease and those of smokers at the time of death 
(Moran-Mendoza et al.  2008 ). 

 As of now, COPD and chronic bronchitis are the third highest cause of death in 
the World. The contribution of widespread exposure to biomass fuel smoke to 
COPD and ways to limit or eliminate it remains a signifi cant public health issue in 
times of increasing energy costs (Po et al.  2011 ). A large fraction of this cost will 
affect the wider international community, as most of the affected inhabit low or very 
low-income countries already dependent on foreign aid and other forms of help.  

5.5     Occupational Exposure and COPD 

 COPD associated with workplace exposure is notoriously diffi cult to detect for two 
reasons. Firstly, COPD is strongly associated with common non-occupational expo-
sures like cigarette smoking often practiced in the same environmental setting (“cig-
arette break”). Secondly, the dose-response and time exposure relations with the 
disease are complex (Balmes et al.  2003 ). Inhalational exposure at the workplace 
consists of a mixture of airborne particles, fumes, and toxic gases. Some compo-
nents like cadmium and vanadium are proven direct causative agents in emphysema 
and chronic bronchitis, respectively. Similarly to cigarette smoke (that contains over 
400 potentially toxic components neither of which has been identifi ed as a single 
most important causative agent in COPD), the etiological role of occupational expo-
sure in COPD has been better ascertained by epidemiological studies than labora-
tory experiments. 

 Observing decline in FEV 1  over a period of years in workers employed in indus-
tries like coal and hard-rock mining, cement and concrete manufacturing, 
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 construction (especially of tunnels), and agricultural activities has indicated the 
causative role of dust particles in occupational COPD (Becklake  1989 ). It is esti-
mated that the population burden of occupational exposure for COPD is in the range 
of 15 % in developed countries (Balmes et al.  2003 ) with the related annual health 
expenditure at the beginning of this millennium in the United States alone of about 
$5 billion (Leigh et al.  2002 ). Excess occurrence of COPD among the general US 
population was further analyzed as part of the Third National Health and Nutrition 
Examination Survey (NHANES III) (Hnizdo et al.  2002 ). This study has found that 
not only workers in the ‘traditional’ COPD-related industries listed above but those 
in rubber, plastics, and leather manufacturing, utilities, offi ce building services, tex-
tile mill products manufacturing, the armed forces, food products manufacturing, 
automotive repair services and gas stations, sales clerks, transportation and truck-
ing, personal services (like hairdressers and cosmetologists), health care workers, 
record processing and distribution clerks, machine operators, and waitresses all 
have a higher than the average population prevalence of COPD. In fact the attribut-
able portion of COPD among these workers was 19 % for the general population 
and 31 % for those who have never smoked (Hnizdo et al.  2002 ). It appears that 
workplace exposure to vapors, gas, dust, and fumes (VGDF) in common has the 
potential to induce and maintain the pathological process associated with COPD in 
susceptible individuals. In effect workplace exposure to VGDF more than doubled 
the odds of developing COPD later in life and accounted for almost a third of all 
cases in a population-based study (Blanc et al.  2009a ). The interaction between 
occupational exposure and cigarette smoking on the development of COPD remains 
poorly understood. Studies observing a super additive increased risk (Blanc et al. 
 2009b ) or a less than additive effect (Blanc et al.  2009a ) have been published by the 
same group of investigators analyzing data collected from similar populations. This 
and other studies available suggest that factors beyond simple co-exposure to VGDF 
and cigarette smoke have to be dissected before we will have a clear understanding 
of their role in COPD.  

5.6     Anatomical Considerations 

 COPD is a disease of the small airways and respiratory parenchyma. To better 
understand the underlying mechanisms, we fi rst review the role of these constitu-
ents of the respiratory system. Air moves between the atmosphere and the alveoli 
via the upper (the nasal and oral cavity, the pharynx, the larynx) and lower (the 
trachea and the bronchi) airways. The fl ow of air depends on a variety of factors, 
most important of which is the diameter of the conductive pathway. The critical, 
fl ow-limiting elements in COPD are the small bronchi and bronchioli, the diameter 
of which are in the range of less than 1 mm to about 3.5 mm. Normal small bronchi 
with the size over 1 mm contain cartilaginous rings; these rings are replaced by 
smooth muscle fi bers and connective tissue elements below the diameter of 1 mm 
(after about 11 divisions of the tracheobronchial tree). This feature results in an 
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important change in the response of the small airways to the alternating increase and 
decrease in intrathoracic pressure with the respiratory cycle. During inspiration the 
pressure in the thoracic cavity is reduced resulting in traction via elastic components 
on the alveolar walls and the airways. While this has negligible effect on airways 
containing cartilaginous rings (they are rigid in nature), those airways without car-
tilage get expanded and their diameter increases. During exhalation the reverse hap-
pens: these same airways get compressed. Under normal circumstances the air fl ow 
throughout these small airways when breathing at rest, and even during exercise is 
unrestricted. The total diameter of the airways is very large and the velocity of the 
fl ow is such that it remains laminar (Lumb  2000 ). However, with the pathological 
alterations present in patients with COPD this situation changes dramatically, result-
ing in critically reduced diameter and turbulent fl ow. There are three major underly-
ing pathological mechanisms for air fl ow limitation due to decreased luminal 
diameter and increased airway resistance in the small airways:

    1.     Accumulated material  within the lumen as a result of increased production and 
reduced clearance of mucus.   

   2.     Thickening of the wall of the passageway  due to increased deposition of connec-
tive tissue in the walls of the small airways resulting in constrictive remodeling.   

   3.     Increased pressure  ( compression )  from outside  because the loss of alveoli and 
elastic matter causes reduced tethering of the small airways during expiration.    

  All three of these pathological features (the increased production and reduced 
clearance of mucus, deposition of connective tissue in the walls of the small airways 
and loss of alveoli and elastic matter) are simultaneously present in COPD. In the 
clinical manifestation of the disease ( 1 ) and ( 2 ) are characteristics of chronic bron-
chitis while ( 3 ) is commonly known as emphysema. Patients suffering from COPD 
present with a mixture of all three. Limited air fl ow during exhalation results in air 
trapping in the lung at end-expiration and the consequential alveolar hyperinfl ation 
further compresses the small airways (Barnes and Rennard  2009 ). 

 The limitation of air fl ow during exhalation can be quantifi ed in patients by mea-
suring the forced expiratory volume in the fi rst second of expiration (FEV 1 ) and the 
Tiffeneau index which is the ratio of FEV 1  to FVC (forced vital capacity). Commonly 
used fl ow measurements are the peak expiratory fl ow rate and the maximum mid- 
expiratory fl ow (MMEF) rate which is the forced expiratory fl ow between the 25th 
and 75th percentiles of the FVC. While peak expiratory fl ow is effort sensitive, 
MMEF is effort independent and refl ects the maximum fl ow rate permissible by the 
small airways. Lung development continues into early adulthood thus lung function 
steadily increases after birth until the third decade of life. This is important given 
that outdoor pollution and traffi c-related air pollution can have an adverse effect on 
lung development in children aged 10–18 years (Gauderman et al.  2004 ; Ko and Hui 
 2012 ). In adults there is a constant decline of lung function resulting in reduced 
physiological reserve in the elderly. However, in a healthy individual even of very 
advanced age lung function provides adequate gas exchange at rest and during mild 
or moderate exercise (Sharma and Goodwin  2006 ). The effects of air pollution on 
the age-related decline in pulmonary physiology are not well understood but gender 
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differences have been reported in susceptibility. After controlling for demographic 
and socioeconomic factors, cigarette smoking and background air pollution, greater 
traffi c density signifi cantly correlated with reduced FEV1 and FVC in women but 
not men in a cross sectional community based study of 15,792 middle aged men and 
women (Ko and Hui  2012 ; Kan et al.  2007 ). The FEV1/FVC ratio however did not 
correlate with traffi c exposure. While traffi c-related air pollution was associated 
with the development of adult onset asthma among never-smokers (Kunzli et al. 
 2009 ), the relationship between air pollution and decline in lung function with sub-
sequent development of COPD needs additional clarifi cations (Ko and Hui  2012 ). 

 The main effect of air pollution on the clinical progress of COPD is induced as 
chronic airway infl ammation manifesting itself with wide variability between 
affected individuals. The quality, quantity and duration of exposure, the response of 
the various elements of the innate and adaptive immune systems, the still poorly 
understood genetic and epigenetic determinants regulating airway remodeling in 
COPD are focal points of ongoing research.  

5.7     Cellular Pathways of Air Pollutant-Induced COPD 

 A wide variety of structural, immune and infl ammatory cells have been implicated 
in the pathogenesis of COPD. The signifi cance of specifi c cell types in mediating 
the effects of air pollution however remains the subject of intense investigations. 
The effects of acute inhalation of air pollutants are manifested in activation of sig-
naling pathways and proinfl ammatory mediator release by resident epithelial cells 
and macrophages leading to recruitment of infl ammatory cells, structural damage 
and exacerbations of the symptoms of COPD (Bates  2000 ; Barnes and Rennard 
 2009 ; Baraldo et al.  2012 ; Barnes  2004a ,  b ,  c ; Becker et al.  2005 ). Chronic, pro-
longed or intermittent exposure to pollutants evokes more complex pathways 
including development of “adaptation” (Jakab et al.  1995 ) and tissue protection and 
repair (Burgel and Nadel  2004 ; Crosby and Waters  2010 ; Hogg et al.  2004 ; Leikauf 
et al.  2001 ; Sunil et al.  2012 ). 

5.7.1     Macrophages 

 The most commonly found immune cells in the normal lung are the alveolar macro-
phages contributing to both the innate and acquired immune response. These cells 
clear inhaled particles, identify and destroy pathogens appearing in the terminal 
airways. Exposure of human alveolar macrophages to ultrafi ne carbon particles or 
diesel exhaust particles (DEP)  in vitro  reduced their binding and phagocytic activity 
via their scavenger, mannose, and complement receptors while binding and opso-
nization via the Fc receptor remained unchanged (Lundborg et al.  2006 ). Macrophage 
numbers in the lung may increase up to 15-fold in patients with COPD and their 
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numbers appear to correlate with disease severity (Barnes  2004a ; Finkelstein et al. 
 1995 ). Macrophages, activated locally or recruited during the disease process can 
account for most of the known features of the disease (Barnes  2004a ,  b ). In a healthy 
lung the majority of macrophages are made up by the “alveolar” and “interstitial” 
types. Under infl ammatory conditions, however, these cells become highly hetero-
geneous and differentiate into several additional phenotypes classifi ed as “migra-
tory (or proinfl ammatory) vs. residential” or “M1 vs. M2” (Moreira and Hogaboam 
 2011 ). During infl ammation in COPD, bone marrow derived monocytes migrate 
through the circulation and differentiate under the effects of macrophage colony 
stimulating factor (M-CSF) and epithelial derived cytokines, chemokines and other 
infl ammatory mediators such as prostaglandins, leukotrienes and components of the 
complement cascade. Macrophages from COPD patients have increased levels of 
the transcription factor nuclear factor κB (NF-κB), that may be responsible for the 
increased secretion of elastolytic enzymes and infl ammatory proteins (Di Stefano 
et al.  2004 ). Proinfl ammatory macrophages release a number of infl ammatory medi-
ators and chemokines (CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CXCL11, 
CXCL12, TNF-α, IL-1-β, IL-6, IL-18) (Barnes  2004a ,  b ), elastolytic enzymes 
(matrix metalloproteinases (MMP) most important of which is MMP-9, cysteine 
and serine proteases) (Russell et al.  2002a ), and oxidative radicals. Exposure to 
DEP suppressed CXCL8 expression as well as intracellular lysosomal and mito-
chondrial activity  in vitro  in monocyte-derived macrophages resulting in a reduced 
lifespan and impaired ability for translocation, differentiation, and cytokine response 
to lipopolysaccharide and heat killed bacteria (Chaudhuri et al.  2012 ). Phagocytosis 
of DEP by native primary alveolar macrophages induced apoptosis through genera-
tion of reactive oxygen species which triggered caspase and stress-activated protein 
kinase dependent mechanisms. This process was phagocytosis-dependent as non-
phagocytic lung cells were not affected (Hiura et al.  1999 ). Released local factors 
are also important in the priming and skewing of these cells into the “classically 
activated” or “alternatively activated” subclasses. “Classically activated” M1 mac-
rophages are present in severe infl ammation. In response to LPS activation and 
exposure to IFN-γ M1 macrophages produce IFN-γ, TNF-α, IL-1β, IL-6, IL-12, 
IL-23, ROS, NO, GM-CSF, MIP-1α (CCL3), TARC (CCL17) and MCP-1 (CCL2) 
(Boorsma et al.  2013 ). The alternatively activated M2 macrophages are composed 
of several subclasses. M2a (after exposure to IL-4 or IL-13), M2b (in response to 
immune complexes in combination with IL-1β or LPS) and M2c (IL-10, TGFβ or 
glucocorticoids) has been described (Martinez et al.  2008 ). Depending on their dif-
ferential expression of mediators, M2 cell subclasses support allergic airway infl am-
mation; facilitate resolution of airway changes through a heightened phagocytic 
capability; contribute to airway remodeling; or provide immunosuppressive activi-
ties. M2 cells express CD206 (mannose receptor, MR) and display a unique media-
tor profi le, that can include IL-4, IL-5, IL-10, IL-13 and IL-33, CCL18, CCL22, 
CCL24, HO-1, Arginase 1, chitinase-like Ym1, and Fizz1 (found in infl ammatory 
zone-1) (Draijer et al.  2013 ; Martinez et al.  2013 ). 

 In patients with emphysema, macrophages accumulate in alveolar septae result-
ing in structural destruction and loss of breathing surface. This focal infl ammation 
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is dominated by accumulation of macrophages and neutrophil cells in the lung 
parenchyma resulting in collagen deposition in the airways, goblet cell hyperplasia, 
and emphysema-like changes as documented in humans suffering of COPD as well 
as in a mouse model for NO 2 -induced COPD (Wegmann et al.  2005 ). Macrophages 
derived CXCL1 and CXCL2 recruit circulating monocytes, while CXCL9, CXCL10 
and CXCL11 attract T lymphocytes to the distal air spaces in COPD. Inhalation of 
aerosolized PM 2.5–10  resulted in macrophage activation, upregulation of infl amma-
tory surface markers, increased phagocytosis and expression of TNF-α mRNA. Some 
but not all of this effect was mediated by surface bound endotoxin (Alexis et al. 
 2006 ). Alveolar macrophages isolated from bronchoalveolar lavage of healthy vol-
unteers have shown proinfl ammatory response to coarse (PM 10 ) rather than fi ne 
(PM 2.5 ) particles and minimal oxidative stress response. These effects were medi-
ated via TLR-4 (Becker et al.  2005 ). It is of note that alveolar macrophages, when 
exposed briefl y to large quantities (20 % of LD50 dose) of PM  in vitro  exhibited 
reduced phagocytic and opsonizing capacities (Oberdorster et al.  1992 ; Becker and 
Soukup  1998 ). However, this may be attributed to the experimental setting rather 
than being a refl ection of the physiological process in vivo where PM quantities are 
substantially smaller and exposure times are longer (Miyata and van Eeden  2011 ). 
Macrophages isolated from the lungs of patients with COPD exhibited reduced 
apoptosis and increased survival compared to those found in patients with normal 
lungs. This increased survival allows for sustained production of infl ammatory 
mediators and increased destruction of lung parenchyma. Increased expression of 
Bcl-X L , an antiapoptotic protein has been implicated in the extended survival of 
alveolar macrophages in COPD (Tomita et al.  2002 ). Macrophages from patients 
with COPD show resistance to corticosteroids, the most commonly used medication 
in obstructive airway diseases. This corticosteroid resistance is likely to be related 
to the reduced activity of histone deacetyase-2 (HDAC-2) an enzyme responsible 
the mediation of glucocorticoid effects on infl ammatory gene transcription. Impaired 
suppression of infl ammatory genes contributes to the sustained activation of macro-
phages in COPD (Ito et al.  2005 ). Normal alveolar macrophages have anti- 
infl ammatory capacity expressed by secretion of TGF-β and inhibitors of MMPs. 
Macrophages in patients with COPD exhibit a limited capacity for anti- infl ammatory 
activity which further shifts the infl ammatory response towards tissue destruction 
(Pons et al.  2005 ).  

5.7.2     Neutrophils 

 Normal, healthy lung parenchyma contains few if any neutrophil cells. The life span 
of neutrophils is short and these cells are capable of fast migration. A general acute 
effect of inhalation of toxic material (including the major pollutants NO 2 , SO 2 , PM 10  
[and more importantly PM 2.5 ] and ozone) is the infl ux of neutrophils into the distal 
air spaces. Although the exact mechanism of how such diverse agents can all elicit 
this rapid neutrophil recruitment is not clear, a shared pathway mediated by 
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oxidative stress and generation of reactive oxygen species may play an important 
role (Tao et al.  2003 ). Recruitment and translocation from the pulmonary circula-
tion via chemotactic signaling from epithelial cells, activated macrophages and 
T-cells (via CXCL8, CXCL1, and leukotriene B 4 ) directs migration of neutrophils 
towards the airways. Adhesion molecules expressed on endothelial and epithelial 
cells mediate neutrophil migration with the MAC1/ICAM1 interactions being the 
most crucial. Smoker COPD patients have increased surface expression of MAC1 
(CD11+/CD18+) on their neutrophils (reviewed in (Domagala-Kulawik  2008 )). In 
addition to air pollution, the major causal agents in COPD exacerbations are usually 
considered bacterial or viral infections, or a combination of the two (Papi et al. 
 2006 ; Tsoumakidou and Siafakas  2006 ; Celli and Barnes  2007 ). Exacerbations rep-
resent an increase in the infl ammation that is present in the stable state, with 
increased numbers of neutrophils, cytokines, chemokines and proteases in the air-
ways, and some increased mediators in the blood with no reliable biomarkers to 
predict exacerbations (Celli and Barnes  2007 ). How exacerbations should be defi ned 
and graded are still debated today and the role of neutrophils in air pollutant-induced 
exacerbations of COPD remains complex (Tao et al.  2003 ; Papi et al.  2006 ; 
Tsoumakidou and Siafakas  2006 ; Celli and Barnes  2007 ; van Eeden et al.  2005 ; 
White et al.  2003 ). 

 Neutrophils can secrete a variety of proteases (including MMP, serine proteases, 
and cathepsin-G) and myeloperoxidase resulting in ROS formation. ROS accumula-
tion in turn facilitates further extravasation of neutrophils in the infl amed airways 
(Rahman  2005 ). Oxidative stress also causes elevated concentration of cytokines 
and growth factors capable of activating and preventing apoptosis of neutrophils. 
This can lead to either increased survival or necrotic death of these cells. An impor-
tant feature of the COPD lung is an increased number of dead cells due to necrotic 
cell death and a reduced ability of alveolar macrophages to perform their scavenger 
function. Neutrophil elastase was shown to cleave the phosphatidyl serine receptor 
on macrophages thereby disabling their apoptotic cell sensing and phagocytic capa-
bilities (Vandivier et al.  2002 ). 

 Normally epithelial mucins serve the purpose of removing inhaled foreign mate-
rials by mucociliary transport and by coughing. In COPD however, excessive mucus 
is produced and is inadequately cleared. Some earlier studies correlated disease 
severity with sputum neutrophil numbers (Stanescu et al.  1996 ). It is becoming 
more accepted now that the main role of neutrophils in COPD is likely limited to 
goblet cell activation and increased mucus secretion rather than direct destruction of 
lung parenchyma. Indeed, the increased number of neutrophils in the airways dur-
ing exacerbations of COPD manifests itself in the purulent nature of the expecto-
rated sputum. Neutrophil proteases can stimulate mucin release by goblet cells. 
During oxidative stress neutrophils induce mucin production by activation of the 
epidermal growth factor receptor (EGFR). At present there is no specifi c treatment 
for mucus hypersecretion. However, the discovery that an EGFR related pathway is 
involved in mucin production by a wide variety of stimuli suggests that blockade 
may provide specifi c treatment for hypersecretory diseases (Burgel and Nadel 
 2004 ).  
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5.7.3     Dendritic Cells 

 Similarly to macrophages, dendritic cells are constitutive elements of the lung 
parenchyma and airways. In normal healthy lungs, dendritic cells are scattered 
throughout the respiratory mucosal wall. In resting state their primary role is to 
sample the environment and regulate immune homeostasis through communication 
with other cell types of the innate and adaptive immune system. Once dendritic cells 
are activated they will migrate to the regional lymph nodes and assume a T-cell–
stimulatory phenotype. In the proximal and distal air spaces these cells are respon-
sible for either initiating immune responses or maintaining immune tolerance. The 
fact that the respiratory surface of the average normal adult human lungs fi lters 
through over 11,000 l of air every day without a perpetual infl ammatory state is in 
large part due to the collaborative action of dendritic cells and alveolar macro-
phages. The “hyperinfl ammatory” condition characterizing the COPD lung is asso-
ciated with activation of different dendritic cell subpopulations, depending on their 
origins, migratory patterns, role and function (Haczku  2012 ; Botelho et al.  2012 ). 
The majority of the lung resident dendritic cells under resting conditions are made 
up by the tolerogenic plasmocytoid type (characterized by the cell surface marker 
profi le 120G8 high /PDCA-1 high /Gr1 high /B220 high ). During infl ammation myeloid 
(CD11c high /CD11b high /MHC-II high ) and CD103 +  cells migrate rapidly to the lung. 
These cells are mature and possess antigen presenting and CD4 +  T cell stimulatory 
capabilities. Activated dendritic cell migration is propelled by the CCL19-CCR7, 
CXCL1-CXCR2, CCL2-CCR2/4 and CCL20-CCR6 chemokine ligand-receptor 
pathways (Demoor et al.  2009 ,  2011 ; Demedts et al.  2007 ). This process can amplify 
the chronicity of infl ammation and can lead to destruction of the normal lung paren-
chyma. In a recent study, dendritic cells stimulated by cigarette smoke in mice, 
induced development of emphysema through auto-reactive CD8 +  T cell activation 
and release of IL-17A (Shan et al.  2012 ). Unfortunately, there are no studies to date 
that investigated the role of these cells in mediating the effects of air pollution in 
COPD. There are however reports that looked at the effects of air pollutants on 
dendritic cell function and indicated a general tendency of these cells to lose their 
tolerogenic capabilities. For example, an association was seen between environ-
mental tobacco smoke exposure and reduced dendritic cell interleukin 10 produc-
tion during infancy (Gentile et al.  2004 ). Further, exposure to urban air extract, fi ne 
and ultrafi ne particles or DEP all induced dendritic cell activation leading to pro-
duction of IL-1β or TNF-α (Gentile et al.  2004 ; Acciani et al.  2013 ; Bonisch et al. 
 2012 ; Kim et al.  2012 ; Karle et al.  2012 ; Myatt et al.  2011 ; Bezemer et al.  2011 ; 
Yoshida et al.  2010 ; Williams et al.  2008 ; de Haar et al.  2008 ). A recent study in 
mice demonstrated that IL-1R, TLR4, and TLR2 predominant receptors on acti-
vated dendritic cells, elicited infl ammatory effects via MyD88 in response to wood 
or cow dung smoke derived PM suggesting that biomass fuel exposure elicits a 
persistent pulmonary infl ammation largely through activation of TLR and IL-1R 
pathways (Sussan et al.  2014 ).  
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5.7.4     Lymphocytes 

 Lymphocyte accumulation in the pulmonary interstitium and peribronchial areas 
correlate with the severity of the symptoms of COPD and are considered to be part 
of the mechanism leading to exacerbation of symptoms brought on by air pollution 
or infections (Papi et al.  2006 ). Pollutants may have selective effects on lympho-
cytes. In a recent study lymphocyte redistribution was observed in NO 2  exposed 
volunteers (NO 2  levels were negatively correlated with peripheral blood lympho-
cyte count) but this effect was not seen in response to PM exposure (Steenhof et al. 
 2014 ). Lymphocytes organized in follicular structures with B lymphocyte contain-
ing germinal centers surrounded by CD4 + Th1-cells have been observed in clinically 
advanced cases of chronic bronchitis while increase in the numbers of CD8 +  cyto-
toxic Tc1 lymphocytes in the alveolar wall appears to be proportional with the 
severity of emphysema (Hogg et al.  2004 ). 

 Cytokine and chemokine signaling from epithelial cell injury, activated alveolar 
macrophages and antigen presenting dendritic cells may all contribute to the migra-
tion of CD8 +  and CD4 + T-lymphocytes to the lung in pollutant-induced COPD exac-
erbation. Interferon induced chemokines CXCL9, CXCL10, and CXCL11 elicit 
homing of CXCR3 positive T-cells while chemo-attractants for CCR4 positive Th2 
cells (a predominant cell type in the pathogenesis of bronchial asthma) are not 
expressed in COPD (Grumelli et al.  2004 ). This feature is the main reason for the 
presence of T cells with cytotoxic characteristics in COPD with a relative lack of 
eosinophilic granulocytes (a hallmark of asthma). Th1 cells are CD4 + T-cells that 
express activated STAT-4 leading to interferon-γ (IFN-γ) secretion. Th1-cell help is 
required for CD8 +  cytotoxic Tc1 activation, survival (suppression of apoptosis) and 
maintenance of their immunological memory (Barnes and Rennard  2009 ). CD8 +  
T-cells synthetize, store and release cytokines and cytotoxic substances like tumor 
necrosis factor-α (TNF-α), granzyme B, and perforins and their numbers inversely 
correlate with the FEV 1  of patients suffering of COPD (Freeman et al.  2010 ). It is of 
interest that patients with severe COPD of non-smoking origin do not have a Th1 
cell infl ammatory bias in their lung (Grumelli et al.  2004 ). CD8+ T cell activation 
and release of the above-mentioned cytotoxic substances however can be achieved 
by induction of Toll-like receptor (TLR)2 activation (Freeman et al.  2013 ). Indeed 
TLR2 was shown to play an important role in mediating the effects of biomass 
smoke derived PM (Sussan et al.  2014 ). Degradation of lung parenchyma may pro-
duce antigenic peptides (auto-antigens) that in the presence of chronic infl ammation 
could induce a progressive self-perpetuating autoimmune infl ammation (Cosio 
et al.  2002 ). The signifi cance of lymphocytes and autoimmune pathways in air pol-
lutant induced COPD needs clarifi cation.  
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5.7.5     Epithelial Cells 

 Epithelial cells in the lung are highly specialized and form the fi rst line of defense 
against inhaled air pollutants. The major role of type-1 alveolar cells is gas exchange: 
facilitation of the uptake of oxygen and release of carbon dioxide. Type-2 alveolar 
cells produce surfactant that reduces surface tension and allows alveoli of different 
diameters to remain open even at low lung volumes. The bronchial epithelium is 
composed of pseudostratifi ed columnar cells that include basal, ciliated or secretory 
(Clara or goblet) cells. Ciliated bronchial epithelial cells transport foreign matter 
towards the larynx along the surface of the tracheobronchial tree. Goblet cells in the 
bronchi secret mucus, which enhances expulsion via cilial activity (Lumb  2000 ). In 
patients with COPD epithelial cells express high levels of infl ammatory mediators 
(CXCL-8, IL-1-β, and GM-CSF) (Hellermann et al.  2002 ) and adhesion molecules 
(sICAM-1 (Hellermann et al.  2002 ) and E-selectin (Di Stefano et al.  1994 )) thereby 
facilitating recruitment and translocation of infl ammatory cells. 

 Cultured bronchial epithelial cells when exposed to airborne particulate matter 
respond with increased expression of CXCL8 and to a lesser and irritant specifi c 
extent by upregulation of a variety of chemokines (CXCL1, 3, 10, 11, CCL20) and 
proinfl ammatory factors (TNF-α, IL-6, LTβ) (Øvrevik et al.  2009 ). It is of note that 
expression of CXCL8, a chemokine mostly associated with neutrophilic granulocyte 
recruitment is associated with pollutants as diverse as fi ne carbon particles, 1-nitro-
pyrene, aerosolized bacterial lipopolysaccharide and ZnCl 2  (Øvrevik et al.  2009 ). 
This common feature perhaps explains the epidemiological fi nding that exposure to 
a wide variety of inhaled airborne pollutants results in common clinical outcomes 
and disease progression (Schwarze et al.  2006 ). On the other hand, relatively similar 
chemical substances like various nitro-polycyclic aromatic hydrocarbons (nitro-
PAHs) may elicit either increased cytokine and chemokine expression or epithelial 
cell apoptosis (Øvrevik et al.  2010 ). Furthermore, seasonal variability in particulate 
matter composition produces distinct effects as shown from samples taken in Milan, 
Italy. The winter PM had higher levels of PAHs while in the summer, mineral dust 
elements have dominated. When cultured human epithelial cells were exposed to 
these PM samples the winter samples were more cytotoxic while the summer sam-
ples exhibited a higher proinfl ammatory potential (Gualtieri et al.  2010 ). 

 The mechanisms of interaction between airborne pollutants and epithelial cells, 
infl ammatory cells and mesenchymal cells in the development of COPD are com-
plex and remain to be fully elucidated. This complexity is increased by the fact that 
in addition to its pro-infl ammatory function, the airway epithelium is also respon-
sible for maintaining immune homeostasis and protecting against chronic infl am-
matory changes in the lung. The protective function of airway epithelial cells has 
been attributed to a constitutive production of the immune modulators, lung col-
lectins: surfactant protein A and D. The majority of these molecules are produced 
by type II alveolar epithelial cells in the distal air spaces but Clara cells and goblet 
cells can also release collectins. SP-A and SP-D belong to a small family of struc-
turally related Ca 2+  dependent lectins that share collagen-like and lectin domains. 
Collectins are involved in pathogen binding (opsonization) and direct inhibition of 
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immune and infl ammatory cell function (Rosseau et al.  1997 ). Collectin-specifi c 
interactions with lung cells can be mediated through CD14 (Sano et al.  2000 ), 
TLR2 (Ohya et al.  2006 ) and TLR4 (Ohya et al.  2006 ; Guillot et al.  2002 ) as well 
as through the signal inhibitory regulatory protein (SIRPα) (Gardai et al.  2003 ). 
This signal regulatory membrane protein uniquely carries an ITIM containing intra-
cellular domain which is responsible for inhibiting functions of myeloid derived 
cells, particularly, macrophages and dendritic cells (Matozaki et al.  2009 ). Lung 
collectins regulate antigen presentation, T-cell stimulation (Brinker et al.  2003 ; 
Brinker et al.  2001 ; Hansen et al.  2007 ) and TNFα expression by antigen presenting 
cells (Hortobagyi et al.  2008 ). 

 Under normal conditions SP-A−/− mice display no overt pathological features. 
SP-D−/− mice on the other hand showed serious constitutive infl ammatory altera-
tions (Botas et al.  1998 ; Hawgood et al.  2002 ) resembling pathological characteris-
tics of COPD indicating special importance of this molecule in regulating immune 
homeostasis and function of the innate immune cells (Crouch et al.  2000 ; Crouch 
 2000 ; Wright  2005 ; Haczku  2006 ,  2008 ). Studies on airway responses to allergen 
(Takeda et al.  2001 ) or O 3  (Kierstein et al.  2006 ) exposure showed that C57BL/6 
mice were signifi cantly more protected against developing infl ammation than 
Balb/c mice and this protection was associated with a greater amount of SP-D in 
their airways (Kierstein et al.  2006 ; Atochina et al.  2003 ). Mice lacking this mole-
cule due to genetic deletion were highly susceptible to allergen or O 3 -induced air-
way infl ammation and showed a prolonged recovery period (Haczku  2006 ; Kierstein 
et al.  2006 ). O 3 -induced changes in sputum dendritic cell phenotype were associated 
with changes in serum SP-D levels in healthy volunteers (Alexis et al.  2008 ). 
Further, low SP-D levels in the lung correlated with disease severity in COPD 
patients (Sims et al.  2008 ). 

 Mouse models of low or no SP-D expression in different mouse strains and gene- 
manipulated mice mimic patients who have low SP-D levels in the lung due to 
genetic reasons or as a consequence of chronic infl ammation. Locally administered 
SP-D has been protective in mouse models of airway infl ammation. It is possible 
therefore that it will work in patients, too. SP-D is not only an anti-infl ammatory 
agent but also an important opsonin that binds a wide range of common respiratory 
pathogens. Thus, unlike the traditional immunosuppressive therapies, an SP-D- 
based anti-infl ammatory approach could have an advantage of a preserved host 
defense function.   

5.8     Molecular Mechanisms of Air Pollutant-Induced 
Lung Damage in COPD 

 COPD is characterized by a progressive destruction of the alveolar structure of the 
lung parenchyma with associated fi brotic narrowing of small airways by the under-
lying infl ammatory processes. In addition to cytokines and chemokines many 
infl ammatory mediators were described and characterized in this process. The major 
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players include arachidonic acid derivatives, molecular products of oxidative stress, 
players of cell death, extracellular matrix destruction and repair (Barnes  2004c ). 

5.8.1     Arachidonic Acid Metabolites 

 Ozone exposure of human nasal mucosa  in vitro  induced heightened eicosanoid 
metabolism with the release of cyclooxygenase and lipoxygenase products into the 
culture supernatant including prostaglandin (PG)F 2α , thromboxane B2 and leukot-
riene B4 (LTB4) (Schierhorn et al.  1997 ). In COPD however arachidonic acid 
metabolism follows a typical pattern in the lungs: There is an increase in prostaglan-
dins PGE 2 , PGF 2α , and LTB 4  but not of thromboxane or cysteinyl leukotrienes 
(increase of which is characteristic for bronchial asthma) (Barnes and Rennard 
 2009 ). Increased expression of cyclooxygenase-2 (COX2) is responsible for 
increased production of these prostanoids. 

 Urban air collected in different zones in Mexico City, containing PM 10  induced 
PGE 2  in cultured rat fi broblasts in a dose-dependent manner  in vitro  (Alfaro-Moreno 
et al.  2002 ). Further, nickel (Ni), a common component of urban PM enhanced IL-8 
production by fi broblasts in the presence of PGE 2 , suggesting a synergistic action 
(Brant and Fabisiak  2013 ). 

 Alveolar macrophages in patients with COPD express pro-infl ammatory BLT 1 - 
receptors and LTB 4  inactivating PPAR-α receptors. LTB 4  also recruits circulating 
CD8 +  T-cells and neutrophils to the lung parenchyma through high affi nity BLT 1 - 
receptors expressed on these cells (Marian et al.  2006 ). Investigation of exhaled 
breath condensate from ozone-exposed subjects (in comparison with air exposed 
ones) revealed elevated levels of 8-isoprostane and LTB4. These levels were signifi -
cantly greater in subjects sensitive to ozone suggesting that sensitive subjects have 
elevated arachidonic acid metabolites in their exhaled breath condensates (Alfaro 
et al.  2007 ).  

5.8.2     Role of Oxidative Stress 

 Reactive oxygen species (ROS) are generated in the pulmonary parenchyma as part 
of the fi rst line defense mechanism by the innate immune system. Exogenous irri-
tants and infl ammatory mediators induce ROS production by epithelial cells, alveo-
lar macrophages, and neutrophil cells in the lungs (Yao and Rahman  2011 ). These 
ROS overwhelm and destroy invading bacteria, fungi, and viruses in a non-specifi c 
manner. ROS are also produced, in smaller quantities, as by-products of signaling 
and energy generating intracellular processes. ROS also have a role in inducing and 
maintaining local infl ammation (Rahman  2005 ). The enzyme NADPH oxidase gen-
erates superoxide anions (O 2  − ) from molecular oxygen. This superoxide anion is 
relatively unstable and highly reactive and is converted by superoxide dismutase 
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(SOD) to hydrogen peroxide (H 2 O 2 ). H 2 O 2  can diffuse to farther distances than 
superoxide anion allowing for a larger radius of effect. In the extracellular space 
reaction of O 2  −  with free iron or nitric oxide (NO) produces highly reactive hydroxyl 
radicals (OH . ) and peroxynitrite (ONOO − ), respectively. ROS interacting with lipids 
generate lipid radicals (lipid peroxides) leading to a redox chain reaction in lipid 
bilayers damaging cellular membranes or oxidize arachidonic acid leading to the 
formation of isoprostanes, a class of prostanoids; mediators implicated in broncho-
constriction and increased alveolar and capillary permeability. Both isoprostane 
levels (Garcia-Rio et al.  2011 ) and lipid peroxidation markers (Rahman et al.  2002 ) 
positively correlate with disease severity in patients with COPD. There is increased 
synthesis of NO in lung parenchyma and small airways due to chronic infl ammation- 
induced increase in the expression of inducible NO synthase in epithelial cells and 
macrophages in COPD (Ricciardolo et al.  2005 ). Peroxynitrite reacts with tyrosine 
residues in proteins producing 3-nitrotyrosine. As tyrosine moieties often have a 
signifi cant role in protein activation or inhibition these changes may result in sig-
nifi cant alterations in the function of the given proteins. Reactive aldehydes or car-
bonylate proteins form aldehyde-protein adducts that alter or suspend protein 
function. Aldehyde-protein adducts may also induce immunogenicity and serve as 
targets for the adaptive immune system (Yao and Rahman  2011 ). ROS when reach-
ing the cell nucleus may infl ict direct damage on the DNA or interact with regula-
tory enzymes like histone deacetylase (HDAC and sirtuins) or histone methylation 
(HMT)/demethylation (HDM) enzymes leading to alterations in infl ammatory gene 
expression (Sundar et al.  2013 ). 

 Inhalation of nitro-PAHs (a component of diesel exhaust particles) can lead to 
the generation of electrophilic metabolites including epoxides (Yamazaki et al. 
 2000 ; Andersson et al.  2009 ) or nitro-reductions [this later is catalyzed by enzymes 
like NOS, xanthine oxidase, aldehyde oxidase (Arlt et al.  2003 ) or NADPH:quinone 
oxidoreductase (Arlt et al.  2005 )] resulting in generation of ROS (Øvrevik et al. 
 2010 ). On the other hand, sulfate conjugation or acetylation generates reactive nitre-
nium ions which then create protein and DNA adducts (Arlt et al.  2005 ). DNA dam-
aging potential of various nitro-PAHs appears to be specifi c to their chemical 
structure. The most abundant 1-nitropyrene appears to have very mild DNA toxicity 
while 3-nitrobenzanthrone has considerable DNA damaging potential resulting in 
accumulation of cells in S-phase and marked increase in apoptosis in cultured bron-
chial epithelial cells (Øvrevik et al.  2010 ). Furthermore, the generation of ROS by 
nitro-PAHs is paralleled by a decrease in intracellular GSH suggesting depletion of 
protective antioxidant mechanisms (Park and Park  2009 ). 

 Bronchial epithelial cells obtained from airway mucosal biopsies of healthy vol-
unteers show signifi cant increase in hemoxygenase-1 expression, a marker of oxida-
tive stress when exposed to coarse or fi ne PM. This response involves the TLR-2 
signaling pathway (Becker et al.  2005 ). The body counters the effects of ROS on the 
self by producing antioxidants. These substances (glutathione, ascorbic acid [vita-
min C], tocopherol [vitamin E], lactoferrin, and uric acid) protect the self against 
the action of ROS. Enzyme systems geared towards removing reactive aldehydes 
including aldehyde dehydrogenase and aldo-keto reductase are present in the lung 
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parenchyma in COPD (Pastor et al.  2013 ). When these antioxidant mechanisms are 
exhausted, cellular damage ensues (Repine et al.  1997 ). In the lung parenchyma the 
majority of antioxidants are found in the extracellular matrix while intracellular 
antioxidants are expressed at a low level (Rahman  2005 ). While oxidative stress has 
little effect on intracellular antioxidant levels extracellular antioxidant enzymes like 
glutathione peroxidase, glutathione-S-transferase M 1 , and SOD3 markedly increase. 
Activation of the transcription factor Nrf2 (nuclear erythroid-related factor 2) has a 
key role in gene activation and transcription of protective antioxidant enzymes in 
lungs when exposed to oxidative stress (Ishii et al.  2005 ). Nrf2 levels are decreased 
in lungs of patients with emphysema and COPD (Goven et al.  2008 ). Posttranslational 
modifi cation of Nrf2 results in decreased activity and limited nuclear translocation. 
A stabilizer of Nrf2, DJ-1 has been found to be downregulated in patients with 
COPD but not in unaffected smokers (Malhotra et al.  2008 ). Activation of Nrf2 and 
stabilizing DJ-1 can open potential protective pathways in patients susceptible to 
airborne-inhalant induced COPD (Sundar et al.  2013 ). The Nrf2 pathway is also one 
of the outlets of the UPR (unfolded protein response) an intracellular mechanism 
protective among others against oxidative stress (Kelsen et al.  2008 ). 

 Increased oxidative stress in the lung epithelium and parenchyma may play a 
signifi cant role in disease progression in COPD by amplifying and perpetuating the 
infl ammatory response and increasing tissue destruction. ROS upregulate transcrip-
tion factors NF-κB and AP-1 in alveolar macrophages and structural cells inducing 
infl ammatory mediator and cytokine production as described above. Oxidative 
stress also decreases corticosteroid responsiveness in patients with COPD. This is 
attributed to reduced activity and expression of histone deacetylase (HDAC). 
Histone acetylation by histone acetyltransferase leads to transcription of pro- 
infl ammatory genes encoding IL-8 and TNF-α through NF-κB. HDAC2 activated 
by corticosteroid activated-glucocorticoid receptor inhibits this process in normal 
lungs. However, in COPD increased peroxynitrite production inactivates HDAC2 
leading to glucocorticoid resistance (Ito et al.  2005 ). ROS also directly impair pro-
tease inhibitors like α 1 -antitrypsine and SLPI contributing to the destruction of elas-
tic elements of the lung parenchyma in COPD. Ozone-induced NF-κB activation 
correlated with expression of monocyte chemotactic protein-1, inducible NO 
 synthase and cyclooxygenase-2 in alveolar macrophages (Sunil et al.  2012 ). 
Similarly, oxidative stress secondary to free radicals generated by PM 10  exposure 
resulted in calcium mediated nuclear translocation and activation of NF-κB leading 
to decreased expression of HDAC2 (MacNee and Donaldson  2003 ). The ensuing 
increase in acetylation of histone residues could then allow for increased transcrip-
tion factor binding and expression of proinfl ammatory genes (Gilmour et al.  2003 ).  

5.8.3     Mechanisms and Mediators of Apoptosis and Autophagy 

 Mounting evidence suggests an imbalance between apoptotic cell loss and cell pro-
liferation in lung tissue of patients suffering of COPD as well as in animal models 
of emphysema (Demedts et al.  2006 ). This imbalance affects alveolar epithelial 
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cells (Imai et al.  2005 ), alveolar endothelial cells (Segura-Valdez et al.  2000 ), and 
lung T-cells (Hodge et al.  2005 ) suggesting a complex interaction between vascular 
growth regulation (Kasahara et al.  2000 ; Kanazawa and Yoshikawa  2005 ), infl am-
mation, oxidative stress (Aoshiba and Nagai  2003 ) and epithelial cell wellbeing 
(Calabrese et al.  2005 ) in the lungs of patients with COPD. It is also of note that 
increased apoptosis continues after cessation of exposure to noxious inhalants 
(Hodge et al.  2005 ). Disturbance in the regulation of cell proliferation and pro-
grammed cell loss extends beyond the lungs in patients with advanced emphysema 
and examples of this are found in skeletal muscle atrophy resulting in peripheral 
muscle weakness (Agusti et al.  2002 ) and loss of peripheral T-cells resulting in 
inability to mount an adequate defensive response to infections (Hodge et al.  2003a ). 
Suggested mechanisms of increased apoptosis include depletion or inhibition of 
VEGF (Kasahara et al.  2000 ), elevated levels of IFN-γ (Ma et al.  2005 ), activation 
of caspase-3 (Aoshiba et al.  2003 ) and accumulation of ceramide in the lung paren-
chyma (Scarpa et al.  2013 ). Infl ammatory cells (Saetta et al.  1999 ) and mediators 
present in COPD have also been associated with pulmonary epithelial and endothe-
lial cell apoptosis (Hodge et al.  2003b ). On the other hand the decreased ability of 
alveolar macrophages in eliminating apoptotic cells contributes to the sustained 
infl ammation (Vandivier et al.  2002 ). Elastolytic activity resulting in loss of struc-
tural basal membrane depletes alveolar epithelial cells of vital cell-matrix contacts 
for survival signaling and promotes apoptosis (Aoshiba et al.  1997 ). 

 Cellular organelles, old and damaged mitochondria, structural cellular proteins 
are removed and recycled in a dynamic process called autophagy (Ryter et al.  2012 ). 
This is an inducible mechanism originally developed to recycle cellular material thus 
reducing need for nutrients in starvation. Oxidative stress accelerates autophagy as 
there is increased number of damaged cellular components to recycle. However, 
excessive autophagy is harmful and may lead to death of the cell. Lung tissue from 
patients with COPD show accelerated autophagy, which is attributed to reduction of 
SIRT1, a sirtuin class histone deacetylase. Decrease in SIRT1 levels allows transcrip-
tion of the early growth response protein-1 (Egr-1) gene, an important transcription 
factor in autophagy (Chen et al.  2008 ). Increased extracellular levels of superoxide 
dismutase (SOD) attenuate intracellular Egr-1 levels (Nozik- Grayck et al.  2008 ) fur-
ther illustrating the complex interaction between oxidative stress and cell organelle 
recycling. Ozone exposure increased levels of biomarkers representative of apoptosis 
and autophagy like cleaved capsase-9 and beclin-1 in alveolar macrophages. This air 
pollutant effect was associated with presence of matrix metalloproteinases (MMP)-2, 
MMP-9 and cellular debris in the bronchoalveolar lavage fl uid (Sunil et al.  2012 ).  

5.8.4     Proteinases and Extracellular Matrix (ECM) 
Interactions 

 Proteinases released from macrophages, cytotoxic T-cells and to a lesser extent, 
neutrophilic granulocytes contribute to degrading of pulmonary parenchymal con-
nective tissue (Segura-Valdez et al.  2000 ). MMPs especially MMP-9 released from 

5 Air Pollution and COPD



138

alveolar macrophages have been implicated in elastin destruction and development 
of emphysema (Russell et al.  2002b ). Macrophages isolated from patients with 
COPD contain higher amounts of MMP-9 and are resistant to suppression by gluco-
corticoids (Chana et al.  2014 ). Alveolar macrophages also synthetize and secrete 
proteinase inhibitors (tissue inhibitors of MP, TIMP). However, the amount and 
activity of these inhibitors is reduced in patients with COPD and is insuffi cient to 
neutralize the MMP activity (Russell et al.  2002b ). 

 MMPs have also been implicated in regulation of programmed cell death in 
COPD. MMP-7 sheds and activates Fas ligand, an apoptosis signaling molecule, 
from alveolar epithelial cells (Powell et al.  1999 ). Chronic exposure of mice to 
ozone mimicked the infl ammatory and pathological changes of COPD and increased 
caspase-3 mediated apoptosis and activity of MMPs (Triantaphyllopoulos et al. 
 2011 ). The imbalance between levels and activity of MMPs and proteinase inhibi-
tors has been associated with histone deacetylation and defi ciency of sirtuin 1 
(SIRT1, a member of class III histone deacetylases). The protective role of SIRT1 
was also supported in a study using exposure to ambient PM and gene defi cient 
mice in which lack of SIRT1 resulted in aggravated lung vascular leakage and 
infl ammation after PM exposure, which was correlated with increased NF-κB acet-
ylation and activation (Wu et al.  2012 ). Pertinent to air pollution induced COPD, 
increasing expression of SIRT1 was shown to reestablish the balance between pro-
teinases and inhibitors. This strategy may become a pharmacological approach 
against inhaled irritant induced COPD (Yao et al.  2013 ).  

5.8.5     Repair Mechanisms 

 Post infl ammatory repair markers (arginase-1, galectin-3, Ym-1) representing 
 alveolar macrophage contribution to wound healing were expressed in the lung 
24–72 h after exposure to ozone (Sunil et al.  2012 ). Transforming growth factor-α 
(TGF-α) is secreted by alveolar macrophages and is a potent stimulator alveolar 
epithelial cell proliferation and repair (Crosby and Waters  2010 ). In goblet cells, 
TGF-α increases mucus production thereby worsening the disease (Burgel and 
Nadel  2004 ). Interestingly, transgenic mice expressing TGF-α were rescued from 
NiSO 4  injury (they had diminished SP-B loss and increased survival time) (Leikauf 
et al.  2001 ). 

 TGF-β is a potent anti-infl ammatory molecule in the lung (Yang et al.  2012 ) 
expressed in both airway epithelial cells and alveolar macrophages. TGF-β is a key 
factor in the development of peribronchial fi brosis in COPD. A complex interaction 
between mediators regulating production and destruction of the ECM is highlighted 
by the fact that the action of MMP-9 is necessary to activate TGF-β contributing to 
fi brotic remodeling of lung parenchyma in COPD (Chung  2005 ). Exposure to vari-
ous dust particles was shown to increase gene expression of procollagen, TGF-β, 
and platelet-derived growth factor, and increased hydroxyproline in lung explants. 
Addition of TNF-α increased dust adhesion to, and ozone exposure increased dust 
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uptake by tracheal epithelial cells (Churg and Wright  2002 ). Further, Katre and 
 colleagues demonstrated in a mouse model that O 3  exposure increased TGF-β 
expression and activated TGF-β signaling pathways leading to O 3 -induced lung 
fi brotic responses  in vivo  (Katre et al.  2011 ).   

5.9     Summary and Future Projections 

 The evidence for epidemiological association between occupational and environ-
mental (outdoor and indoor) exposure to air pollutants and COPD is well estab-
lished but it is also clear, that individuals respond differently to the same noxious 
stimuli. Although various infl ammatory pathways have been implicated, the mecha-
nisms by which air pollution affects development of COPD in susceptible individu-
als are not well understood. Recent investigations on subjects participating in the 
Normative Aging Study (a prospective cohort of aging established in 1963,  enrolling 
men from the Greater Boston area), applied a novel genetic approach to investigate 
interactions between pathways relevant to chronic infl ammation and air pollution. 
The authors found that among participants with higher genetic scores (i.e. a higher 
allelic risk profi le) within the oxidative stress and metal processing pathways, there 
were signifi cant associations between pollutant particle number and variants of the 
fi brinogen, C-reactive protein and ICAM-1 genes (Bind et al.  2014a ). These data 
supported that in addition to the extent of exposure, disease development in exposed 
subjects is related to genetic predisposition affecting specifi c,  infl ammatory genes. 

 Further investigations by Lepeule et al. ( 2014 ) showed that sub-chronic (3-to 
28-days, cumulated) but not acute exposure to black carbon, total and non-traffi c 
PM 2.5 , CO and NO 2  was associated with a 1–5 % decrease in FVC and FEV 1  in 
elderly, Normative Aging Study participants. These data suggested the importance 
of duration of exposure to air pollutants. Interestingly, in participants with a greater 
exposure (28-days cumulated), low methylation in the TLR2 and high methylation 
in the glucocorticoid receptor genes were observed. Thus, prolonged exposure to air 
pollution may lead to epigenetic alterations of genes related to infl ammatory and 
immune regulatory pathways. 

 Indeed in another well characterized cohort of subjects from the Normative 
Aging Study (1999–2009) (Bind et al.  2014b ) increase in air pollutant (ozone and 
components of fi ne particle mass) concentrations was signifi cantly associated with 
hypomethylation of tissue factor-3, ICAM-1, and TLR-2 genes and hypermethyl-
ation of the IFN-γ and IL-6 genes. While these studies suggested that altered DNA 
methylation could refl ect biological impact of air pollution, the signifi cance and 
mechanisms of such epigenetic pathways need further clarifi cations. 

 In summary, today we have epidemiological evidence that supports a pathoge-
netic role of air pollutants in the development and course of COPD. We also under-
stand that there is a great degree of heterogeneity in the air pollution effects: disease 
development involves only a lesser but signifi cant proportion of the population 
where in addition to genetic factors, the extent and duration of exposure also play a 
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deterministic role. Thus, the physician and policy maker are both in quandary when 
the question is asked: who are the vulnerable and who are those not affected by the 
pollutants. Protecting all including those who are not affected would consume large 
fi nancial resources, oftentimes not available for the individual or the society. Further 
research is needed to determine the most vulnerable populations and what actions 
might be successful in preventing or slowing the progress of disease. Emerging 
work in genetics (Bind et al.  2014a ; Zhou et al.  2013 ) and epigenetics (Lepeule 
et al.  2014 ; Bind et al.  2014b ; Sakao and Tatsumi  2011 ) of COPD provides hope in 
this direction of prevention and cure.     
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    Chapter 6   
 Airborne Carcinogens: Mechanisms of Cancer 

             Anuradha     Mudipalli    

6.1             Introduction 

 Both indoor and outdoor air pollution is a well-recognized contributory factor to the 
global health burden and accounts for approximately two million mortalities per 
year worldwide (World Health Organization (WHO) News release  2011 ). The 
exhaust emissions from automobiles, industrial vents, fossil fuel combustion, vola-
tile organic compounds and environmental tobacco smoke (ETS) contribute to 
 outdoor air pollution. The emissions from biomass-burning cooking stoves, radon, 
and tobacco smoke constitute the majority of indoor air pollution. Scientifi c 
 evidence both from epidemiology and animal experimental studies over the past few 
decades has consistently linked exposure to air pollution, especially, the respirable 
particles to a wide range of health effects such as cardio-respiratory diseases, asthma 
and chronic obstructive pulmonary disease (COPD) (Narot et al.  2011 ; Shah et al. 
 2013 ; Schluger and Koppaka  2014 ; Ferkol and Schraufnagel  2014 ). Children, 
elderly and people with predisposed health conditions such as asthma are 
 demonstrated to be especially vulnerable to air pollution-induced adverse health 
effects (Schluger and Koppaka  2014 ; Ferkol and Schraufnagel  2014 ; Zar and Ferkol 
 2014 ; Esposito et al.  2014 ). 

 Air pollution exposure related health effects aroused concern for a long time. 
The fi rst large epidemiological cohort study of the American Cancer Society by 
Pope et al. ( 2002 ) observed association between ambient fi ne particulate matter and 
lung cancer and cardiopulmonary mortality. Current research points out to a general 
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positive association between air pollution exposure and lung cancer etiology 
(Demetriou et al.  2012 ). Recently, the International Agency for Research on 
Cancer (IARC) has designated outdoor air pollution as a whole to be carcinogenic 
(IARC  2014 ). 

 A detailed characterization of the carcinogenic/mutagenic properties of air pol-
lution constituents is beyond the scope of this chapter. Readers are referred to two 
of the recent reviews which provided an exhaustive review of literature on the geno-
toxicity of ambient air using in vitro assay systems (Claxton et al.  2004 ) and muta-
genicity and rodent carcinogenicity of ambient air (Claxton and Woodall  2007 ). In 
brief, these reviews concluded that smaller particles (≤PM 2.5) contain higher per-
centage of extractable organic materials which were found to be more mutagenic 
compared to larger particles (>PM 2.5). In addition the carcinogenic activity of air 
was primarily attributed to its component constituents, such as polycyclic aromatic 
hydrocarbons (PAHs) and other aromatic compounds, whose levels may be sub-
jected to change due to variations in atmospheric conditions (Claxton and Woodall 
 2007 ). A critical analysis of global epidemiological studies related to air pollution 
and air borne carcinogens is discussed elsewhere in this book (Chap.   7    ). The readers 
are also referred to Chap.   12     where genetic factors infl uencing disease outcomes 
related to air pollution exposure are outlined and to Chap.   13     where carcinogenic 
potential of air pollutants resulting from the recent advancements in the combustion 
technology, use of biofuels and engineered nanomaterial (both as additives and cat-
alytic converters) are detailed. In addition, Chap.   13     also discusses the in vitro and 
in vivo studies pertaining to the carcinogenicity of emerging air pollutants. 

 Chemical carcinogens are believed to either initiate and/or promote carcinogen-
esis by a diverse number of mechanisms such as DNA adducts and DNA protein 
cross links formation, epigenetic alterations, regenerative cell proliferation, oxida-
tive stress, inhibition of DNA repair and altered cell cycle regulation. Given the 
scope, the present chapter will attempt to provide readers with the current state of 
understanding on the carcinogenic mechanisms for a select set of chemicals, namely 
formaldehyde and benzene, and two representative mixtures – PAHs, and ETS 
(Environmental Tobacco Smoke), for which more detailed and signifi cant mechanis-
tic understanding of the carcinogenic process had been obtained over the past 
decade.  

6.2     Formaldehyde 

 Formaldehyde was fi rst described in 1855 and is ranked as one of the top 25 highest 
volume chemicals produced in the U.S (National Toxicology Program (NTP)  2002 ; 
Agency for Toxic Substances and Disease Registry (ATSDR)  1999 ; International 
Agency for Research on Cancer (IARC)  2006 ) for the past 21 years. Worldwide 
production of formaldehyde was estimated to be ~21.0 metric tons in the year 2000 
(International Agency for Research on Cancer (IARC)  2006 ). The saturated aque-
ous solution of formaldehyde called as formalin, (37 % by weight or 40 % by 
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volume), stabilized with 10–15 % methanol, is used in consumer products such as 
laundry detergent and several general purpose cleaners, as tissue preservative and 
as preservative in food and cosmetic products (National Toxicology Program 
(NTP)  2011 ). 

 In the ambient air, major sources of exposure to formaldehyde are from anthro-
pogenic emissions, primarily from motor vehicles, power plants, and plants that 
produce or use formaldehyde or substances such as adhesives and coatings which 
release formaldehyde from curing (Agency for Toxic Substances and Disease 
Registry (ATSDR)  1999 ; International Agency for Research on Cancer (IARC) 
 1995 ). Additional sources of emission are incineration, wood burning, tobacco 
smoke and cooking operations (Agency for Toxic Substances and Disease Registry 
(ATSDR)  1999 ; Salthammer et al.  2010 ; Li et al.  1994 ; Health and Environment 
Canada  2012 ). In addition, endogenous formaldehyde is produced in the body 
through normal  cellular metabolism through enzymatic or nonenzymatic reactions, 
and also as a detoxifi cation product of xenobiotics during cellular metabolism 
(National Toxicology Program (NTP)  2011 ) 

 Population exposure to formaldehyde can occur via inhalation, ingestion and 
dermal routes. Ambient levels of formaldehyde in outdoor air are often signifi cantly 
lower than those measured in the indoor air of workplaces or residences (National 
Toxicology Program (NTP)  2011 ; Salthammer et al.  2010 ). Improved manufactur-
ing processes and construction practices have contributed to reduction in the levels 
of indoor formaldehyde emissions since the early to mid-1980s, yet, indoor levels 
of exposure of the population to formaldehyde remains a level which is still of con-
cern to public health (National Toxicology Program (NTP)  2011 ). 

6.2.1     Absorption, Distribution, Metabolism 
and Excretion (ADME) 

 A majority of the daily intake of formaldehyde results from inhalation exposure. 
Animal studies using labeled formaldehyde indicated differential ADME kinetics 
from oral, dermal and inhalation routes of exposure (Buss et al.  1964 ; Heck et al. 
 1983 ). In dogs, a majority of inhaled formaldehyde was found to be absorbed in the 
upper respiratory tract (Egle  1972 ), but deposition differed due to variability of 
scrubbing behavior across species (Kimbell et al.  2001 ). The computational model-
ing efforts for realistic representation of the human nasal airways from a single 
individual have demonstrated that approximately 90 % of inhaled formaldehyde 
was predicted to be absorbed in the nose at resting inspiration. This fraction 
decreased to about 70 % at light exercise and to 58 % at heavy exercise conditions 
(Kimbell et al.  2001 ). 

 Free formaldehyde exists in equilibrium (The ratio of methanediol to free form-
aldehyde 99.1–0.1 %) with its hydrated form, methanediol (CH 2 OH 2 ) (Kd = 5.5 × 10 −4 ) 
at physiological temperature and pH in the body (Fox et al.  1985 ). When free 
 formaldehyde is removed from aqueous solution through covalent binding to small 
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peptides or cellular components (Metz et al.  2004 ), the equilibrium is reestablished 
by dehydration of a fraction of methanediol to free formaldehyde for maintaining 
the ratio. Thus, a small pool of free formaldehyde can potentially be sustained in 
biological systems due to reversible nature of this hydration reaction (Fox et al. 
 1985 ). 

 Glutathione (GSH)-dependent formaldehyde dehydrogenase (FALDH) and 
mitochondrial aldehyde dehydrogenase 2 (ALDH2) are the primary enzymes that 
metabolize formaldehyde. Numerous studies now recognize FALDH as a member 
of the alcohol dehydrogenase (ADH) family, specifi cally ADH3 (Thompson et al. 
 2009 ; Hedberg et al.  2003 ; Deltour et al.  1999 ). Essentially, two principle pathways 
operate in the metabolism of formaldehyde to formate by oxidation. This involves 
mitochondrial ALDH2 (minor pathway) and a two-enzyme systems that involves 
ADH3 (major pathway) that converts glutathione-conjugated formaldehyde or 
S-hydroxymethyl glutathione (HMGSH) to the intermediate S-formylglutathione 
and subsequently metabolized to formate and GSH by S-formylglutathione hydro-
lase. The pharmacokinetics of formate involves: (A) formate undergoing adenosine 
triphosphate (ATP)-dependent addition to tetrahydrofolate (THF), by carrying 
either one or two; one-carbon groups. (B) Formate conjugating with THF to form 
N10-formyl-THF and its isomer N5-formyl-THF, both of which getting converted 
to N5-, N10-methenyl-THF, which undergo further metabolism. Decreased metabo-
lisms of formaldehyde in ADH-knockout mouse studies have demonstrated that 
deletion of ADH3 increases the sensitivity of mice to formaldehyde (Deltour et al. 
 1999 ). Formate, the main product of formaldehyde clearance is further metabolized 
to CO 2  and water, or incorporated into the one-carbon pool, or eliminated in the 
urine (National Toxicology Program (NTP)  2011 ).  

6.2.2     Carcinogenic Effects of Formaldehyde 

 The International Agency for Research on Cancer (IARC) categorized formalde-
hyde as “known” human carcinogen based on the conclusion that nasopharyngeal 
cancer (NPC) was etiologically associated with formaldehyde exposure 
(International Agency for Research on Cancer (IARC)  2006 ) and that it is also a 
“known cause” for leukemia (International Agency for Research on Cancer (IARC) 
 2009 ). This classifi cation is based on NCI cohort data (Beane Freeman et al.  2009 ), 
occupational exposure data on embalmers (Hauptmann et al.  2009 ) and studies in 
myeloid progenitor cells of exposed workers (Zhang et al.  2010 ) and meta-analysis 
of the epidemiology data by Zhang et al. (Zhang et al.  2009a ). The conclusions of 
these assessments and studies are part of an on-going scientifi c debate which is 
beyond the scope of this chapter. The focus in this chapter is on a critical analysis of 
data from animal studies that indicate potential mechanisms of carcinogenesis. 

 Long-term inhalational exposure studies in diverse rat and mouse strains clearly 
demonstrated formaldehyde-induced tumors in nasal tissues: primarily squamous 
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cell carcinomas, papillomas, polyploid adenoma, adenocarcinoma and fi bro sar-
coma (Sellakumar et al.  1985 ; Morgan et al.  1986 ; Monticello et al.  1996 ; Kamata 
et al.  1997 ; Soffritti et al.  1989 ; Soffritti et al.  2002 ; National Toxicology Program 
(NTP)  2009 ).  

6.2.3     Carcinogenic Mechanisms 

 The available experimental evidence from in vitro and limited in vivo studies sug-
gest that several mechanisms such as induction of mutations at the site of entry, 
decreased DNA repair function and enhanced cell proliferation are possibly involved 
in the formaldehyde-induced carcinogenesis process. What is known at present 
about how these mechanisms contribute individually or together in the development 
of cancer is reviewed in the following paragraphs. 

6.2.3.1     Mutations 

 Studies have demonstrated formaldehyde-induced DNA mutations under different 
experimental conditions. (Snyder and Van Houten  1986 ; Dillon et al.  1998 ; Speit 
and Merk  2002 ). These mutations may occur during repair of DNA adducts, DNA- 
protein cross links (DPXs), and as single strand breaks (SSBs) formed through rep-
lication errors during mitosis. Investigations using diverse bacterial mutagenicity 
assays under varied experimental conditions such as reverse and forward mutation 
assays as well as use of specifi c strains for detecting deletions, insertions point 
mutations either with or without metabolic activation have clearly demonstrated 
formaldehyde-induced mutations (Liber et al.  1989 ; Speit et al.  2000 ; Dillon et al. 
 1998 ; Speit and Merk  2002 ). Formaldehyde has also been shown to induce primary 
DNA damage in E. coli in the form of excisions which are repairable via the R-factor 
plasmid to mediate the repair process. Studies in several bacterial strains indicated 
that AT base pairs are the primary reversion sites for the induction of mutations by 
formaldehyde (Dillon et al.  1998 ). 

 Studies investigating the mutagenic potential of formaldehyde in the mammalian 
cell culture system suggested that covalent alteration of DNA bases was not respon-
sive to excision repair mechanisms (Liber et al.  1989 ; Speit et al.  2000 ). One study 
using the hypoxanthine phosphoribosyl transferase locus with high concentrations 
of formaldehyde reported point mutations showing a preferential AT to CG trans-
versions (Liber et al.  1989 ). Speit et al. ( 2000 ) observed increased susceptibility of 
the repair-defi cient cell lines to formaldehyde-induced micronuclei (MN) induction 
and proposed that more than one repair pathway may be involved in the repair of 
crosslinks. Also, observations in the L5178Y cell mouse lymphoma system suggest 
that exposure of formaldehyde in workers resulted in increased mutant P53 protein 
in peripheral blood lymphocytes indicating potential compromised function of p53.  
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6.2.3.2     Cell Proliferation 

 In vitro studies suggest that formaldehyde may induce cell proliferation at 
 concentrations well below those causing cytotoxicity (Tyihák et al.  2001 ; Reuzel 
et al.  1990 ). Induction of this proliferation capability may be responsible for the 
transient cell proliferation observed in rat nasal passages and trachea following 
formaldehyde exposure (Ura et al.  1989 ; Nelson et al.  1986 ). Acute or short-term 
exposure studies in rodents indicate that the observed cell proliferation is dose-and 
time-dependent and varies by species and location of exposure in the nose (Cassee 
and Feron  1994 ; Monticello et al.  1990 ,  1991 ). The increased staining for proliferat-
ing cell nuclear antigen observed in respiratory epithelium in formaldehyde exposed 
rats may be indicative of nasal hyperplasia and squamous metaplasia (Monticello 
et al.  1996 ). Taken together accumulated scientifi c evidence suggests genotoxic, 
mutagenic and possibly cell proliferation (portal of entry) mechanisms to contribute 
in the development of carcinogenic effects.  

6.2.3.3     Genotoxicity Mechanisms 

 A wide range of experimental studies, from cell-free systems to single cells and 
in vivo animal exposures, suggest that formaldehyde directly reacts with 
DNA. Initial studies using cell free systems demonstrated that direct interaction of 
formaldehyde with DNA results in multiple forms of DNA adducts: N 6 - 
hydroxymethyldeoxyadenosine, N 4 -hydroxymethyldeoxycytidine, and N 2 - 
hydroxymethyldeoxyguanosine as detected by high performance liquid 
chromatography (Beland et al.  1984 ; Kennedy et al.  1996 ; Cheng et al.  2003 ). The 
observation of aforementioned adducts in human nasal epithelial cells in vitro 
(Zhong and Que Hee  2004 ) further confi rms the direct interaction of formalde-
hyde with DNA and DNA adduct formation. In vivo studies using labeled formal-
dehyde by a dual-isotope ( 3 H/ 14 C) method found that formaldehyde binds to DNA 
and protein resulting in DPXs and GSH depletion in the nasal mucosa of F344 
rats. In addition, it also leads to oxidative stress by GSH depletion (Casanova and 
Heck  1987 ). 

 In vitro studies using cytotoxic concentrations of formaldehyde report that 
 formaldehyde can induce clastogenic effects – increased MN, chromosomal 
 aberrations, and sister chromatid exchanges (Miyachi and Tsutsui  2005 ; Hikiba 
et al.  2005 ). Similar observation from studies that used whole blood cultures 
exposed to cytotoxic concentrations (200 μM) of formaldehyde (Schmid and Speit 
 2007 ) suggest that clastogenic effects may also be implicated in the formaldehyde-
induced carcinogenic process. 

 The initial observation of formaldehyde-induced DNA-histone cross links in iso-
lated chromatin samples (Ohba et al.  1979 ) led to several in vitro studies demon-
strating induction of DNA-protein crosslinks (DPX) by formaldehyde in bacteria 
(Wilkins and Macleod  1976 ), yeast (Magana-Schwencke and Ekert  1978 ) and 
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mammalian cells, including diverse animal and human cells (Environment Canada 
 2012 ). In addition to DPXs, formaldehyde at higher concentrations was also found 
to induce SSBs, DNA-DNA cross links (DDXs) and scheduled and unscheduled 
DNA synthesis (UDS) in multiple mammalian cell culture systems (Speit et al. 
 2000 ; Shaham et al.  2003 ; Li et al.  2004 ; Bermudez and Allen  1984 ; Bermudez 
et al.  1989 ; McQueen et al.  1989 ). Although the in vivo experimental data points out 
that DPX occur at lower concentration compared to DDX, a single in vitro experi-
ment in buccal cells reported formaldehyde induced DNA strand breaks at low con-
centration, and DDXs and DPXs at higher concentrations (Li et al.  2004 ). UDS, 
which represents DNA repair activity following excision of DNA damage, was 
reported in formaldehyde exposed nasal epithelial cells of F344 rats (Bermudez and 
Allen  1984 ), rat hepatocytes (Bermudez et al.  1989 ; McQueen et al.  1989 ) Syrian 
hamster embryo cells (Hamaguchi and Tsutsui  2000 ) and in HeLa cells (Martin 
et al.  1978 ); however, UDS was not found in human peripheral blood cells (Doolittle 
et al.  1985 ; Grafstrom et al.  1984 ). DNA repair inhibition was reported in human 
bronchial epithelial cells, skin fi broblasts or keratinocytes exposed to formaldehyde 
(Grafstrom et al.  1984 ; Emri et al.  2004 ). Additional studies that utilized DNA 
repair profi cient and defi cient cell lines (Liteplo and Meek  2003 ) observed inhibi-
tion of DNA repair at a concentration range of 0.125 mM to 10 mM. In vitro studies 
to understand the potential confounding interactions between formaldehyde and 
UV irradiation in human keratinocytes indicated DNA repair inhibition by UVB, 
UVC, but not UVA. The incomplete repair of irradiation-induced DNA damage in 
the cells that were exposed to formaldehyde post irradiation suggests that formalde-
hyde may enhances UV-induced carcinogenesis (Emri et al.  2004 ). 

 The experimental evidence presented above suggest that formaldehyde-induced 
carcinogenic effects to be mediated by multiple pathways that appear to be usually 
initiated by a genotoxic mechanism and associated downstream events. Though a 
majority of the studies in laboratory animal models were carried out in high expo-
sure doses, they do provide biological plausibility for the multiple types of cancers 
associated with exposure to formaldehyde.    

6.3     Benzene 

 Benzene, also known as benzol, is a colorless liquid with a sweet odor. Benzene 
evaporates into air very quickly and dissolves slightly in water. Benzene is highly 
fl ammable and ranks in the top 20 for high production volume chemicals in the 
United States (Agency for Toxicological Substances Disease Registry (ATSDR) 
 2007 ). It is an industrial solvent with wide use in the production of resins, synthetic 
fi bers, polymers and in industries such as printing, shoe making, chemical manufac-
turing, coal-based coke production, and as a component in gasoline (Galbraith et al. 
 2010 ). Early studies in 1800 to 1900s reported adverse health effects from occupa-
tional exposure to benzene, causing signifi cant reduction of blood elements 
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associated with exposure in a dose and duration dependent manner (Hamilton 
 1931 ). The fi rst comprehensive review on the acute and chronic benzene poisoning 
was associated with incidence of leukemia (Mallory et al.  1939 ). 

 Occupational exposure is the major route of high level human exposure to 
 benzene; however, gasoline, cigarette smoke, gas emissions from volcanoes and 
forest fi res also contribute to environmental benzene exposure. In general, the con-
centrations of benzene in ambient air have decreased steadily since 1900s and the 
use in consumer products has fallen off signifi cantly (Galbraith et al.  2010 ; Williams 
et al.  2008 ). However, human exposure to benzene still continues to occur from 
ambient air due to burning of crude fossil oils, gasoline, and environmental cigarette 
smoke. The general population is exposed to benzene mainly through inhalation of 
contaminated air, particularly in areas of heavy traffi c, around gas stations, and 
through inhalation of tobacco smoke from both active and passive smoking. It is 
reported that smokers have higher body burden (6–10 times) of benzene compared 
to non- smokers (Wallace  1996 ). People living in cities or industrial areas are gener-
ally exposed to higher levels of benzene in air than those living in rural areas. 
Measured levels of benzene in U.S in outdoor air have ranged from 0.02 to 34 ppb. 
Benzene levels in the home are usually higher than outdoor levels primarily because 
of tobacco smoke or materials stored in garages. As the average level of benzene is 
very low (0.1 ppb) in drinking water in the US, exposure to benzene through food, 
beverages, or drinking water is not a major concern, while exposure by inhalation is 
a major concern. Benzene exposure worldwide is of a signifi cant concern as there 
are no regulatory standards for permissible exposure concentrations in gasoline in 
many countries. 

6.3.1     Absorption, Distribution, Metabolism 
and Excretion (ADME) 

 Ingestion, inhalation and dermal routes are major routes of benzene exposure. About 
half of the benzene exposed by inhalation or ingestions routes was found to pass 
through the epithelial lining of lung and intestine and enter the blood stream. Once 
in the blood stream, benzene traverses throughout the body and is temporarily stored 
in adipose tissue and bone marrow (Agency for Toxicological Substances Disease 
Registry (ATSDR)  2007 ). Pathways of benzene metabolism are largely similar 
between rodents and primates. However signifi cant differences exist in the type and 
quantity of the metabolites produced; indicating the species specifi c differences in 
metabolism. Primary metabolism of benzene occurs in liver and lung with second-
ary metabolism occurring in bone marrow. 

 Principally, the initial step involves cytochrome P-450 mediated oxidation of 
benzene to benzene oxide catalyzed by Cyp2E1. Benzene oxide, by and large, exists 
in equilibrium with its tautomer, oxepin, and can also spontaneously rearrange to 
phenol (PH), one of the intermediary metabolic products. Benzene oxide can also 
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be hydrolyzed to catechol 1, 2 benzoquinone via benzenedihydrol, which reacts 
with cellular glutathione to produce S-phenyl mercapturic acid. Another toxic 
metabolite, hydroquinone is converted to highly reactive 1, 2, 4-benzene triol by 
CYP2E1. Oxepin on the other hand, also can open up its aromatic ring, yielding 
highly reactive muconaldehydes and E-E muconic acid. The electrophilic benzene 
oxide, muconaldehydes and benzoquinones react with cellular components such as 
proteins and interfere with normal cellular processes. Muconaldehyde is a known 
hematotoxicant in mice. Peroxidases also play a major role in the oxidation of ben-
zene to produce phenolic metabolites such as quinones and semiquinones, which 
can bind to macromolecules and generate oxygen radicals. Benzoquinone, the major 
carcinogenic metabolite of benzene, is produced by catalytic activation of hydroqui-
none in bone marrow by myeloperoxidase (Smith et al.  1989 ). Recent studies dem-
onstrate CYP2E1 and CYP2A13-, as major metabolizing enzymes, active at 
concentrations <1 ppm in lung, indicating that lung may be primary active site of 
metabolism at low exposure levels (Rappaport et al.  2009 ).  

6.3.2     Carcinogenic Effects of Benzene 

 Benzene exposure, mostly occupational has been associated with various types of 
lympho hematopoietic cancers – acute non-lymphocytic leukemia/myelogenous 
leukemia and chronic myelogenous leukemia, non Hodkins lymphoma, multiple 
myeloma, neoplasms of kidney and cancers of lung. However, there is a large degree 
of variation in the association reported in many of these epidemiological studies due 
to multiple factors such as study design, exposure duration and dose, presence of 
confounders, cohort size and statistical methods employed (Galbraith et al.  2010 ; 
International Agency for Cancer Research (IARC)  2010 ; Sorahan  2011 ; Snyder 
 2012 ). 

 A few epidemiological studies demonstrated associations between un- 
metabolized benzene as a potential biomarker for exposure to benzene in gasoline 
attendants, urban policemen and bus drivers (Farmer et al.  2005 ; Fustinoni et al. 
 2005 ; Waidyanatha et al.  2001 ). Urinary phenol measurements have been used for 
monitoring occupational exposure to benzene (Smith et al.  1989 ), trans-, trans- 
muconic acid and S-phenylmercapturic acid levels have also been found to be cor-
related with occupational exposure to benzene (Inoue et al.  1989 ,  2000 ; Ruppert 
et al.  1997 ; Qu et al.  2005 ; Bechtold and Henderson  1993 ; Bechtold et al.  1992a ). 
Additionally, hemoglobin and albumin adducts of the benzene metabolites, benzene 
oxide and 1, 4-benzoquinone, have been used as biomarkers of exposure to benzene 
(Bechtold et al.  1992b ; Smith and Rothman  2000 ; Yeowell-O’Connell et al.  1998 , 
 2001 ). However, ‘muconic acid’ and ‘phenyl mercapturic acid’ ‘   have often shown 
correlation with environmental benzene exposure’ (Inoue et al.  1989 ,  2000 ; Ruppert 
et al.  1997 ).  
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6.3.3     Carcinogenic Mechanisms 

 Studies in laboratory animals (rats and mice) of both sexes either by oral or 
 inhalational routes of exposure to benzene have been found to induce cancers such 
as Zymbal gland carcinomas of oral cavity, fore stomach lesions and liver adenomas 
in female rats (Maltoni et al.  1982 ,  1983 ,  1985 ,  1989 ), lung adenomas, squamous 
cell carcinomas of the Preputial and Zymbal glands in male mice (Snyder et al. 
 1988 ; Farris et al.  1993 ). In both sexes of mice, increased incidence of lympho- and 
hematopoietic cancers were observed (Snyder et al.  1980 ; Cronkite et al.  1984 ). In 
mice exposed by the oral route, papillomas and carcinomas of the oral cavity, skin 
of the lip, and papillomas of the palate were reported (National Toxicology Program 
(NTP)  1989 ). Two year cancer bioassay studies carried out by NTP also observed an 
increased incidence of hepato-carcinomas, pheochromocytomas, harderian gland 
adenomas and preputial gland squamous cell carcinomas in male mice (National 
Toxicology Program (NTP) toxicology and carcinogenesis studies of benzene 
 1989 ). 

 Several in vitro studies have demonstrated that oxy radicals generated in the 
metabolism of benzene induce gene mutations, DNA strand breaks and homologous 
recombination (Mullin et al.  1995 ; Rothman et al.  1995 ; Win  2003 ). In vitro and 
limited in vivo studies using the benzene metabolites, hydroquinone, phenol and 1, 
2, 4-benzene triol observed increased levels of 8-OH-2′-deoxy guanosine (8-OH- 
dG) adducts (Mullin et al.  1995 ; Win  2003 ; Shen et al.  2006 ). Studies from several 
human cell lines as well as yeast also demonstrate that benzene metabolites are 
capable of initiating genetic recombination and defective DNA damage repair 
resulting in chromosomal aneuploidy (Mullin et al.  1995 ; Kolachana et al.  1993 ; 
Luo et al.  2008 ; Andreoli et al.  2012 ; Gowans et al.  2005 ; Sheltzer et al.  2011 ; 
Solomon et al.  2011 ). The genomic instability induced by hydroquinone was found 
to be similar to that resulting from ionizing radiation in the bone marrow of suscep-
tible mice (Gowans et al.  2005 ). 

 The RecQ family of helicase genes, which play a role in the maintenance of 
genomic stability, are also implicated with Werner syndrome (WS), a rare autoso-
mal premature aging syndrome associated with a predisposition to cancer (Oshima 
 2000 ). The gene coding for Werner syndrome WRN(a RecQ helicase family gene) 
also plays a role in sensing oxidative DNA damage caused by oxy radicals. In stud-
ies using RNA interference approach to silence endogenous WRN in HeLa cells, 
subsequently exposed to hydroxy quinone, a benzene metabolite an increase in the 
amount of DNA double-strand breaks and an elevated DNA damage was demon-
strated (Ren et al.  2009 ). Lan et al. ( 2009 ) observed a signifi cant association between 
single nucleotide polymorphisms in WRN and other genes involved in DNA repair, 
genomic stability and increased incidence of hematotoxicity in workers exposed to 
benzene. This supports the role for DNA recombination pathways in benzene 
carcinogenesis. 
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 Results from human cell culture studies on cells obtained from individuals 
exposed to high levels of benzene and its metabolites observed chromosomal 
 abnormalities similar to chromosomal changes observed in acute myeloid leukemia. 
Investigations that used conventional classic cytogenetic analysis as well as modern 
techniques such as chromosome wide aneuploidy have also unequivocally estab-
lished benzene as a clastogen capable of inducing aneuploidy (Zhang et al.  1998 ). 
Recent pilot study that utilized in situ hybridization for chromosome wide aneu-
ploidy analysis on peripheral lymphocytes of benzene exposed subjects demon-
strated both monosomy on Chromosomes 5–7 and 10 and trisomy on Chromosomes 
5–8, 10, 14, 16 and 21–22. When this study was extended to larger sample size, 
these increases were found to be dose-dependent and statistically signifi cant (Zhang 
et al.  2005 ,  2011 ). 

 Several DNA repair mechanisms such as base excision, double strand repair and 
nucleotide excision repair continuously monitor and fi x DNA adducts and apurinic 
sites (Ishihama et al.  2008 ). In vitro studies where cells are exposed to benzene 
metabolites have demonstrated an increased expression and nuclear translocation of 
the catalytic sub unit of DNA dependent protein kinase c, which regulates the non- 
homologous end joining in double strand DNA repair (Bi et al.  2010 ). This increased 
expression of DNA repair enzymes observed in the hematopoietic stem cells treated 
with benzene metabolites has been implicated in cell survival, transformation and 
proliferation of leukemia phenotype (Alexander and Wagner  2010 ). 

 Recent fi ndings from the studies in patients with chronic benzene exposure 
observed reduced activity of Topo isomerase II (Topo II) expression due to altered 
histone acetylation and methylation of Topoi-alpha promoter region (Yu et al. 
 2011 ). These fi ndings provide supportive experimental evidence for interactions of 
benzene metabolites with Topo II-alpha inhibition elucidated in quantitative struc-
ture activity relationship modeling studies (Eastmond et al.  2001 ). Further Xing 
et al. ( 2010 ) also reported reduced expression of P15 and 16 through DNA methyla-
tion in gas station workers exposed to low levels of benzene indicating epigenetic 
effects. 

 In summary, the experimental evidence accumulated to date suggests that 
benzene- induced carcinogenic effects may begin by oxy radicals generated from 
metabolites of benzene, which in turn elicit DNA damage and a cascade of events 
associated with this process. The multiple mechanisms as published and sug-
gested to be involved in benzene-induced toxicity and cancer are depicted in 
Fig.  6.1 .    
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6.4     Polycyclic Aromatic Hydrocarbons (PAHs) 

 The PAHs consist of three or more fused benzene rings containing only carbon and 
hydrogen. A complex mixture of liquid and solid PAHs are produced in coal gasifi -
cation plants, municipal incinerators, smokehouses, and some aluminum produc-
tion facilities. In addition, cigarette smoking and environmental tobacco smoke, 
forest fi res and volcanoes are additional sources of PAHs. There are approximately 
100 different known PAHs in air, soil, food and water (Skupińska et al.  2004 ). The 
US EPA has designated several PAH compounds as priority pollutants (US  2009 ). 
The IARC has classifi ed some of these compounds as carcinogenic (group 1) or 
likely carcinogenic (group 2A) to humans (IARC monographs on the evaluation of 
carcinogenic risks to humans  2010 ). ATSDR has grouped 17 PAHs in the ambient 
air as toxicants for their discussions in their toxicological profi le (Agency for Toxic 
Substances and Disease Registry (ATSDR)  1995 ). Once emitted to the atmosphere, 
weight infl uences the fate of the gaseous PAH mixtures. The heavier PAHs (more 
than four rings) were found to adsorb to particulate matter, while lighter PAHs (less 
than four rings) tend to remain gaseous until removed via precipitation (Boström 
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et al.  2002 ; Jenkins et al.  1996a ; Table II (exposure media and potential for Children’s 
exposure) of USEPA BaP summary  2007 ; Jenkins et al.  1996b ). PAHs are weakly 
soluble in water and this leads to their accumulation in sediments and aquatic organ-
isms. Once in the atmosphere the PAHs are known to undergo chemical reactions 
with nitrogen radicals (•NO 3 ), hydroxide radicals (•OH) and ultraviolet light and 
generate more active derivatives such as hydroxylated PAHs and PAH quinones 
(Boström et al.  2002 ; Jenkins et al.  1996a ,  b ). 

 The most studied PAHs [   e.g., benzo [a] pyrene B[a]P] is a byproduct of incom-
plete combustion or burning of organic material (e.g., cigarettes, gasoline, and 
wood). B[a]P is a ubiquitous compound in ambient (outdoor) air due to releases 
from multiple sources and is also a common indoor air pollutant, particularly in 
homes where people smoke (Table II (exposure media and potential for Children’s 
exposure) of USEPA BaP summary  2007 ). A wide range of PAHs have been identi-
fi ed based on chemical characterization and bioassay-directed fractionation in the 
particulates from diverse sources of emissions. Analysis of combustion source-spe-
cifi c differences in the PAHs content of emissions (Boström et al.  2002 ) indicated 
that gasoline vehicles without catalytic converters have the highest PAH emission 
rate for B[a]P compared to the ones with the converters. Diesel vehicles in general 
have lower PAH emissions than gasoline vehicles due to nitration of PAHs to nitro-
PAHs. However, many of the nitro-PAHs are more carcinogenic than the parent 
compounds (Cook et al.  2007 ). 

 Residential combustion of wood has been estimated to be the largest source of 
PAH in Sweden and some areas of US (Agency for Toxic Substances and Disease 
Registry (ATSDR)  1995 ; Boström et al.  2002 ). Emission factors for PAH species 
have a wide range depending on the burning conditions. Several independent stud-
ies have reported a wide range of PAH emissions from biomass (cereal crop resi-
dues and wood fuels) burned in a combustion wind tunnel to simulate open burning. 
In a fi rst study of four different cereal crop residues and four different wood fuels, 
the concentration range of 19 PAHs have been found to vary from 120 to 4,000 mg/
kg fuel. Weakly fl aming and spreading fi res in the burning of cereal stubbles were 
observed to produce higher levels of heavier PAHs with greater partitioning of 
PAHs to the particulate phase (Dhammapala et al.  2007 ). Individual PAH species 
concentrations appeared correlated well within groups based primarily on molecu-
lar weight, but no single PAH species was observed to correlate with all others to 
serve as an indicator of PAH emission strength (Jenkins et al.  1996b ). In general, 
these studies indicate that total PAH emissions, particle phase concentrations and 
fraction of PAH on particles were more strongly infl uenced by burning conditions 
than fuel type. Rogge et al. ( 1993 ) have conducted analysis of organic aerosols from 
road dust, tire, debris and organometallic break lining dust and reported PAHs of 
several species as well. 

 The fi ne particles, organic aerosols and organic carbon species generated during 
the cooking process make signifi cant contributions to both indoor and outdoor air 
pollution. Multiple studies have reported emission rates for about 150 organic com-
pounds emitted during residential cooking to include PAHs (Nolte et al.  1999 ; 
Kleeman et al.  1999 ). Though the PAHs emitted from cooking sources may be a 
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small fraction in the urban ambient air, studies from Taiwan demonstrated that a 
higher proportion of carcinogenic B[a]P was emitted from cooking compared to 
traffi c sources (Li et al.  2003 ). Tobacco smoke, both mainstream and secondhand 
contains about 50 or more carcinogens which includes PAHs and other nitrogen 
containing Azarenes, N-nitrosoamines, aromatic amines and heterocyclic aromatic 
amines (Hecht  1999 ). 

6.4.1     Absorption, Metabolism and Excretion of PAHs 

 Clear qualitative similarities have been found in the distribution of certain PAHs 
across tissues upon inhalation exposure (IARC monographs on the evaluation of 
carcinogenic risks to humans polycyclic aromatic heterocarbons  2010 ). 

 The PAHs are chemically less reactive lipophilic compounds and on absorption 
(inhalation, ingestion, dermal) are activated to highly reactive electrophilic com-
pounds by the classic Phase I and Phase II drug/xenobiotic enzyme systems. The 
metabolic activation of PAHs by Phase I enzymes result in the formation of radical 
cations, diol epoxides, and electrophilic and redox-active o-quinones. This is han-
dled by three main routes: (1) Metabolic oxidation mediated by Cytochrome peroxi-
dases leading to the formation of cationic PAH radicals; (2) Dihydrodiol 
dehydrogenase-catalyzed oxidation and formation of PAH-O-quinones; and (3) 
CYP mediated dihydrodiol epoxide formations involving epoxide hydrolase. The 
key cytochrome P450s involved in these metabolic conversions includes CYPs1A1, 
1A2, 1B1 and 3A4. Cytochrome enzymes also play a vital role in PAH interactions 
with aryl hydrocarbon receptors (AhR), a key mechanism that is implicated in sev-
eral of PAH-induced disease states including lung cancer. The AhR is present in the 
cytoplasm as a complex with several co-chaperons. When PAHs conjugates to AhR, 
it leads to the release of other proteins in the complex and initiates translocation of 
AhR-PAH complex to nucleus and subsequent formation of a hetero dimer of this 
complex with AhR nuclear translocator protein (ARNT). This heterodimer reacts 
with DNA through the xenobiotic response element (XRE) located in the promoter 
region of CYP1A and 1B genes (Shimada et al.  2002 ). 

 The Aldo-keto reductases (AKRs) are a superfamily of monomeric NAD(P) 
H-dependent oxidoreductases. AKRs catalyze the reduction of aldehydes and 
ketones to yield primary and secondary alcohols on a variety of endogenous sub-
strates and xenobiotics including PAHs (Matsuura et al.  1996 ; Jin and Penning 
 2007 ). Several members of the AKR superfamily are able to oxidize PAH trans- 
dihydro diols to o-quinones (Smithgall et al.  1986 ,  1988 ). The substrate specifi city 
of AKRs covers structurally diverse PAH trans-dihydro diols. PAH o-quinones are 
electrophilic and highly reactive to endogenous nucleophiles. PAH o-quinones can 
readily conjugate with cellular thiols to yield  l -cysteine, N-acetyl-cysteine (NAC), 
and GSH leading to their elimination (Murty and Penning  1992a ). The oxidative 
metabolites formed in phase I are enzymatically conjugated to small molecules by 
enzymes such as sulfo-transferases (SULTs), glutathione transferases (GSTs) and 
UDP-glucuronyl-transferases (Murty and Penning  1992b ; Chou et al.  1998 ; Bansal 
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et al.  1981 ). The oxygenated benzo[a] pyrene derivatives are common substrates of 
UDP-Glucuronyl transferase (UDPGT) (Bansal et al.  1981 ). In addition to the liver 
and kidneys, metabolism of PAHs occur in the adrenal glands, testes, thyroid, lungs, 
skin, sebaceous glands, and small intestines. The glucuronide and sulfate conjugates 
of epoxides, dihydro diol derivatives and phenols of these metabolites are excreted 
in the bile and urine. Glutathione conjugates are further metabolized to mercapturic 
acids in the kidney and are excreted in the urine. In humans the hydroxylated 
 metabolites of the PAHs are excreted in urine both as free hydroxylated metabolites 
and as hydroxylated metabolites conjugated to glucuronic acid and sulfate (Bansal 
et al.  1981 ).  

6.4.2     Carcinogenic Effects of PAHs 

 The ability of PAHs to cause cancer has been documented as early as 1775 by Sir 
Percival Pott, who demonstrated a correlation between scrotal cancers in workers 
exposed to chimney soot. The initial studies with residual oil fl y ash, a product of 
fossil fuel emissions suggested role for transition metals and PAHs as contributors 
for cancer in occupational boiler workers with the detection of urinary 
1-1-hydroxypyrene(OHP) and associated oxidative DNA injury marker, 8-hydroxy- 
2′-deoxyguanosine(8-OHdg) in these workers (Mukherjee et al.  2004 ). Reported 
research in PAH-induced carcinogenesis began with the isolation of BaP from coal 
tar in 1930 and its ability to induce mouse skin tumors upon repeated painting 
(Cook et al.  1933 ). Since then, numerous reports indicate PAHs to cause cancers of 
several types such as lung, bladder, breast, esophagus, digestive tract and skin. 
PAHs are carcinogenic in a number of animal models for multiple target organs 
(Nesnow et al.  1998 ; Arif et al.  1999 ; Darwiche et al.  2007 ; Courter et al.  2008 ; 
Wester et al.  2011 ; Marston et al.  2001 ; Yu et al.  2006a ,  b ; Mahadevan et al.  2005 ; 
Guttenplan et al.  2012 ). Several laboratory studies have shown dibenzo (a) pyrene 
as a potent mouse carcinogen (Marston et al.  2001 ; Yu et al.  2006a ,  b ), as well as 
capable of crossing trans-placental barriers (Yu et al.  2006a ,  b ; Castro et al.  2008a , 
 b ; Shorey et al.  2012 ). 

 Atmospheric PAHs concentrations vary from place to place because of variation 
in emissions; atmospheric transport contributes to the variations by location as well. 
In addition, differences in respiration rate and genetic susceptibility among indi-
viduals can lead to a different risk at the same exposure level. Despite these limita-
tions, PAH exposure from the ambient air had been demonstrated as one of the risk 
factors for lung cancer (Zhang et al.  2009b ). Zhang et al ( 2009b ), had reported 
increased risk of lung cancer in the urban population of China exposed to PAHs in 
outdoor ambient air. A more recent study from Brazil, which analyzed the PAH 
concentrations (B[a] P equivalent) in fraction of particulate matter less than 10 μm 
(PM10) of the ambient air at multiple sites also observed increased risk for lung 
cancer (Menezes and Cardeal  2012 ). Wickramasinghe et al. ( 2012 ) observed a 
 signifi cant correlation in lung cancer risk to source PAH exposure only in rural areas 
of Sri Lanka due to biomass fuel emission.    
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6.4.3     Mechanisms of Carcinogenesis 

 A comprehensive review of the diverse molecular mechanisms involved in 
 PAH- induced carcinogenesis is beyond the scope of this chapter. The model PAH, 
B[a]P is one of the most investigated carcinogen and a vast amount of literature on 
the chemical carcinogenesis mechanisms of this compound is available (Rubin 
 2001 ; Siddens et al.  2012 ). Some of the recent fi ndings on the PAH mediated carci-
nogenic mechanisms are described below. 

 Carcinogenic PAH compounds from particulates are taken up by the epithelial 
lining of tissues such as lung by binding to the cytosolic receptor AhR and its activa-
tion initiates a series of downstream events, including infl ammation, DNA adduc-
tion, cell proliferation, loss of cell to cell adhesion, and eventually tumor formation. 
AhR is a transcription factor that plays a key role in mediating toxicity of a number 
of aromatic air pollutants (Denison and Nagy  2003 ). The nuclear translocation of 
AhR is dependent on Ary hydrocarbon receptor nuclear translocator (ARNT). AhR 
is known to interact with multiple signaling pathways: the induction of Cytochrome 
P450s; cell proliferation; cell-cell contact; and cell cycle regulation. The role of 
AhR in many types of cancers is well known (Safe et al.  2013 ). Figures  6.2  and  6.3  
are schematic depiction of metabolism of Benzo [a] pyrene and the role of AhR in 
PAH mediated DNA binding respectively. Studies using AhR defi cient mouse 
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clearly demonstrated the inability of B[a]P to induce CYP1A2 and attenuation of 
skin carcinogenesis (Shimizu et al.  2000 ). In mouse strains specifi cally depleted for 
ARNT in epidermis, B[a]P failed to induce tumors (Shi et al.  2009 ; Kuang et al. 
 2013 ) suggesting the role or AhR and its nuclear translocation in B[a]P-induced 
skin tumorigenesis in this animal model.   

 The activation of PAHs involves metabolism by P450s to generate electrophilic 
metabolites. The PAH oxy quinones and epoxides generated in this activation step 
are highly reactive; their phase II detoxifi cation step is elimination of these electro-
philic intermediates by conjugation to cellular thiols, which may lead to oxidative 
stress depending on the load on cellular antioxidant machinery. Alternatively, 
diverse PAH-metabolites induced free radicals may directly interact with guanine 
causing DNA damage, resulting in the production of 8-OHdG (Lin et al.  2001 ). 

 The enantiomers generated from diol epoxides of PAH metabolism form cova-
lent DNA adducts of varying structures and biological activity. These adducts are 
normally excised by DNA repair enzymes at different rates for different adducts. 
The diol epoxides of PAHs bind to guanine and adenine at exocyclic amino groups 
resulting in the formation of stable adducts with in DNA (Zienolddiny et al.  2006 ; 
Schoherr  1928 ). Several lines of work indicate that DNA adducts block polymerase- 
mediated replication activity contributing to increased damage by reducing DNA 
repair activity. This may modify adduct numbers and mutagenicity (Schoherr  1928 ). 
Binkova et al ( 2007 ), have suggested that polymorphisms in several DNA repair 
genes involved in nucleotide excision repair (NER) may modify PAH-DNA adduct 
levels and these adducts may be useful biomarkers to identify individual suscepti-
bility to DNA damage resulting from carcinogenic PAH exposure.   
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6.5     DNA Repair Pathways 

 Multiple DNA damage repair pathways play a role in repairing DNA damage 
induced by PAHs. For example, nucleotide excision repair is the major pathway to 
repair PAH induced bulky lesions of DNA (Skosareva et al.  2013 ). Additional repair 
pathways such as BER homologous recombination repair were also reported under 
different experimental conditions for various PAHs of different structures or various 
PAH metabolites (Braithwaite et al.  1998 ; Meschini et al.  2010 ; Desler et al.  2009 ). 

 The HR mechanism is primarily involved in search for homology and DNA 
strand invasion through the Rad51-ssDNA presynaptic fi lament by positioning the 
invading 3′-end on a template duplex DNA to initiate repair synthesis. This system 
was found to be principally involved in repair induced by 3 PAHs: 4-nitroquinoline 
1-oxide, N-acetoxy-2-acetylaminofl uorine, and 1- N itroso pyrene. When tested for 
their relative ability to cause intra-chromosomal homologous recombination 
between two identical genes that were stably integrated into a mouse cell genome, 
a dose-dependent increase in recombination frequency with differences among 
compounds was observed (Bhattacharya et al.  1989 ). 

 The mismatch repair (MMR) pathway has been found to play a role in PAH- 
mediated DNA adduct repair. For example, B[a]P mediated enhancement in lym-
phomagenisis was demonstrated in Msh2−/− mice in comparison to heterozygous 
(Msh2+/− mice had been demonstrated by Zienolddiny et al. ( 2006 ).  

6.6     Second Hand Smoke/Environmental Tobacco Smoke 

 Involuntary exposure to passive smoke, commonly referred to as second hand 
smoke (SHS) or environmental tobacco smoke (ETS) or side stream smoke occurs 
frequently from being in close proximity to cigarette smokers or from exposure to 
smoke and its components released into the environment. The earliest record of 
harmful effects of SHS was reported in 1928 (Schoherr  1928 ). The Surgeon 
General’s report in 1964 classifi ed tobacco smoke as a carcinogenic mixture and 
after critical evaluation of human and animal data, the US EPA in its report in 1992 
classifi ed SHS as a Group A human carcinogen (US  1992 ). Despite these warnings, 
in the US about 43.4 million adults continue to smoke, exposing approximately 126 
million nonsmokers (CDC  2009 ) to SHS making and it’s a major public health con-
cern. Currently, 7 % of people in high-income countries are covered by comprehen-
sive smoke-free legislation at the national level, and an additional 8 % are covered 
at the regional level. However, there has been almost no implementation of smoke- 
free legislation at the subnational level in middle- and low-income countries, despite 
many of these jurisdictions having the legal authority to do so (World Health 
Organization  2009 ). About one-third of adults worldwide are exposed to SHS, 
which accounts for, 33 % of male and 35 % of female and 40 % of children non- 
smokers who are exposed to SHS (IARC  2010 ). The exposure was estimated to 
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have resulted in about 1 % of worldwide mortality due to lung cancer in nonsmokers 
(Oberg et al.  2011 ). The SHS has been implicated in about 47 % deaths in women, 
28 % in children, and 26 % in men worldwide (Grimmer et al.  1987 ). While the risk 
of lung cancers to SHS exposure are unequivocal (Sheldon et al.  1993 ), associations 
have also been reported for colorectal and breast cancers and very weak association 
for pancreatic, ovarian, and several other types of cancers (World Health Organization 
 2009 ; Oberg et al.  2011 ; Vineis et al.  2004 ). Due to space limitations, this chapter 
will focus only on the origin, association and molecular mechanisms implicated in 
lung cancer from SHS. 

 Tobacco smoke consists of >2,500 constituents several of which are known 
human carcinogens (NTP  2005 ). Both mainstream and side stream smoke are com-
prised of a vapor phase containing volatile agents, including benzene, vinyl chlo-
ride, acrolein, etc., a particulate phase containing semi-volatile and non-volatile 
agents, such as alkaloids, nicotine and its derivatives, aromatic amines and PAHs. 
The chemical composition of side stream smoke and mainstream smoke are quali-
tatively similar, due to difference in the burning temperatures, ageing of smoke and 
dilution in ambient air; the quantities differ in vapor and particulate phases. However, 
certain carcinogens, such as aromatic amines have been found to be richer in 
SHS. Along with these carcinogens, both mainstream and side stream smoke con-
tain a high concentration of reactive organic radicals (RORs) that form on the top of 
the cigarette at high temperatures. SHS contains not only the gas phase of exhaled 
smoke, but also the products of combustion of a cigarette. In people, SHS exposure 
results in up to 50× higher concentration of some of the toxicants than in smokers 
themselves (A report of the Surgeon General  2006 ). SHS contains a majority of the 
IARC group 1 carcinogens benzene, cadmium, 2-aminonaphthalene, nickel, chro-
mium, arsenic and 4-aminobiphenyl; IARC group 2A carcinogens formaldehyde, 1, 
3-butadiene and benzo(a) pyrene; the IARC group 2B carcinogens acetaldehyde, 
isoprene, catechol, acrylonitrile, styrene, NNK, NNN, Lead; and many other car-
cinogens and genotoxicants (IARC  2004 ). It has also been observed that the particu-
late phase of the SHS contains tenfold higher amounts of PAHs than mainstream 
smoke (Grimmer et al.  1987 ; Lodovici et al.  2004 ; Kalaitzoglou and Samara  2006 ) 
and is the major source of PAHs in indoor ambient air (Sheldon et al.  1993 ; 
Georgiadis et al.  2001 ; Garfi nkel  1981 ). 

 One of the fi rst major epidemiologic studies carried out in 1980s indicated a 
positive association for second hand smoke exposure to a higher risk of developing 
lung cancer in nonsmoking women married to smokers compared to women mar-
ried to nonsmokers (Hirayama  1981 ; Trichopoulos et al.  1981 ; Apelberg et al. 
 2013 ). These three initial studies were followed by numerous investigations that 
were specifi cally conducted to evaluate SHS exposure and the risk of lung cancer 
among nonsmokers. As many as 40 case-control studies and a total of 25 epidemio-
logical studies carried out across the globe confi rmed the positive association for 
workplace secondhand smoke exposure and the risk of lung cancer among lifetime 
nonsmokers, despite geographic differences in exposure prevalence (A report of the 
Surgeon General  2006 ). These epidemiological studies used diverse measurements 
such as airborne respirable particles and nicotine content to associate the  relationship 
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between exposure to SHS and cancer outcomes (Klepeis et al.  2007 ). The  airborne 
concentration depends on diverse physical factors, such as the volume of the envi-
ronment measured and ventilation. It has generally been observed that SHS levels 
remained relatively stable and decayed over time until ventilation patterns changed 
indoors, where as in outdoor environments SHS levels dropped immediately to 
background levels once the source was extinguished (Weaver et al.  1998 ). In the 
environments with low SHS exposure, airborne nicotine was non-detectable in the 
absence of tobacco smoke, while background levels of PM-2.5 from other sources 
are always present, suggesting that assessment of SHS outdoors cannot be based 
solely on PM-2.5 measurements, given the limited correlation observed, while both 
measures can be used indoors when other sources of combustion are absent (Weaver 
et al.  1998 ). 

 Studies relating to urinary trans-, trans-muconoic acid (a marker of benzene 
exposure) and uptake from SHS has given mixed results (Hecht  2004 ; Anderson 
et al.  2001 ). The urinary metabolites of PAHs, pyrene and phenanthrenone 
(1-hydroxy pyrene, and hydroxy phenanthranone) respectively were not found to be 
increased in persons exposed to SHS. The urinary metabolites of tobacco specifi c 
markers such as 4 (methyl-nitrasoamine)-1-(3-pyridal)-1-butanone (NNK), which 
is normally low in smokers is often detected and found elevated in persons exposed 
to SHS. One study reported about six times higher levels of NNK in women who 
lived with smokers than who lived with nonsmokers (Anderson et al.  2001 ; 
Yamamoto et al.  2013 ). NNAL-Gluc (4-(methylnitrosoamino)-1-(3-pyridyl)-
1-(o-beta- d -glucopyranuronosyl) butane Plus NNAL (   4-(methylnitrosamino)-
1-3-Pyridyl-1 butanol), is more directly related to cancer risk in SHS than cotinine 
(Report of the Surgeon general  2006 ). 

 Typically, animal studies of second hand smoke often involve exposure to side 
stream smoke produced by smoking machines. Though these experimental expo-
sures do not fully simulate human exposures, the animals develop tumors. 
Nevertheless, the animal data provide valuable insights regarding the carcinogenic 
potential of secondhand tobacco smoke (Coggins  2007 ; Witschi  2003 ; Hecht  2005 ; 
Toh et al.  2006 ). Each of the animal model studies with different routes of smoke 
exposure Viz. nose only or whole body, have their own limitations. These include, 
diffi culty in the accuracy of the dose delivered due to pain and discomfort accompa-
nied with former route and dermal and gastro intestinal absorption of smoke mate-
rial with the latter. Another inherent issue is that the rodents are obligatory nose 
breathers with complex nasal turbinates, which fi lter smoke effi ciently and forced 
smoke exposure in animals leads to a shallow breathing pattern, resulting in scant 
deposition in lower airways making the rodent a less than ideal model for human 
exposure (Hecht  2005 ). In spite of these limitations, animal studies have provided 
potential biological plausibility for the carcinogenicity of second hand/side stream 
smoke. These experimental studies in laboratory animals have observed that the 
exposure to SHS causes biological effects that include: (i) increases or decreases in 
the activity of phase I enzymes involved in carcinogen metabolism; (ii) increased 
expression of nitric oxide synthase, xanthine oxidase and various protein kinases; 
(iii) the formation of smoke-related DNA adducts in several tissues, and (iv) the 
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presence of urinary biomarkers of exposure to tobacco smoke (Coggins  2007 ; 
Witschi  2003 ; Hecht  2005 ). Studies using condensates of side stream or mainstream 
cigarette smoke have produced a spectrum of benign and malignant skin tumors in 
mice following topical application, and the side stream condensate exhibited higher 
carcinogenic activity. Side stream smoke condensate was shown to produce a dose- 
dependent increase in lung tumors in rats following implantation into the lungs 
(Hecht  2005 ). In mice, SHS induced tumors primarily occur in peripheral lung as 
hyperplasia, growing into adenomas and eventually becoming adenocarcinomas. 
This observation is consistent with the development of non-small cell lung cancer, 
and particularly of adenocarcinoma in never smokers (Coggins  2007 ; Witschi  2003 ; 
Hecht  2005 ). Smoke exposure to Hamsters almost exclusively produces laryngeal 
tumors but not tumors in the deep airways (Witschi  2003 ; Hecht  2005 ). 

6.6.1     Mechanisms of SHS-Induced Carcinogenesis 

 It’s well known that SHS qualitatively contains essentially the same toxicants and 
carcinogens in primary tobacco smoke and many of these carcinogens are known to 
be genotoxicants and induce cancer through genotoxic mechanisms. However, the 
major difference is that carcinogenic dose resulting from SHS tends to be generally 
low compared to primary tobacco smoke inhalation. Though small in quantity, the 
carcinogens in SHS such as NNK undergo detoxifi cation. This results in electro-
philic intermediaries that can bind to nucleophilic macromolecules resulting in 
DNA adducts, subsequently this leads to gene mutations due to DNA mis repair. A 
signifi cant amount of urinary metabolites of NNK [4-(methyl nitrosamino)-1-(3-
Pyridyl)-1-butanol];(NNAL) and its glucuronide conjugate [(NNAL-Gluc)] have 
been found in the urine of SHS exposed subjects (Hecht  1999 ; Toh et al.  2006 ; 
Wakelee et al.  2007 ; Meger et al.  2002 ) suggesting detoxifi cation of NNK, but there 
is no measureable data on their potential to form adducts with macromolecules. 
Similarly there is no clear experimental data to support a role for PAHs in the SHS 
in the mutagenic or carcinogenic process. 

 Primary tobacco smoke induced lung carcinogenesis has been known to be medi-
ated through mutations in p53 tumor suppressor gene and k-ras oncogenes 
(Husgafvel-Pursiainen et al.  2000 ). Epidemiological studies that explored the poten-
tial role for these genes in SHS-induced lung tumors failed to fi nd any association 
due to small number of cases. But, these studies observed that G: C to A: T transi-
tions are the most common mutations among lifetime nonsmokers (Kim et al.  2012 ) 
and it was also observed that exposure to SHS doubled the risk of TP53 mutation in 
never-smokers. In animal models, Transgenic Big Blue mice exposed to side stream 
smoke for duration of 2–4 months, demonstrated that SHS elicits signifi cant 
 mutagenic response in the lung, trachea and bladder (Kim et al.  2012 ; Tao et al. 
 2010 ). Additional comparative DNA sequencing analysis of lung cellular DNA 
from SHS exposed Big Blue mouse with lung cancer DNA from known nonsmokers 
revealed an identical mutation spectrum for TP53 gene and this was signifi cantly 
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different from lung cancer samples of smokers. Also, the ratio of G: C to A: T 
 transitions and G: C to T: A transversions in the SHS exposed mouse lung and lung 
cancer from nonsmokers were signifi cantly elevated compared to lung cancer from 
smokers (Kim et al.  2012 ). The high incidence of mutations in the bladder tissue of 
Big Blue mice also provide some experimental support to increased bladder cancer 
risk observed in lifelong-nonsmokers exposed to SHS (Tao et al.  2010 ). Additional 
experimental analysis that investigated overall hypermethylation pattern of tumor 
suppressor genes on 216 lung cancer patients that includes both smokers and never 
smokers (Wu et al.  2008 ) revealed interesting specifi c patterns of gene expression. 
The authors indicated increased hypermethylation of these genes including DNA 
repair gene, O6-methylguanine–DNA methyl transferase (MGMT). This coincides 
with the fact that the inactivation of MGMT in non-small cell lung cancer, the most 
frequent cancer in never smokers has been associated with increased occurrence of 
TP53 mutation, especially the G:C to A:T transition (Wu et al.  2008 ). The hyper-
methylation pattern and increased TP53 observed in never smokers due to SHS 
exposure indirectly suggest that similar mechanisms may be operating in SHS 
induced lung cancer. Thus far, the accumulated experimental evidence from studies 
carried out in laboratory animals (usually at a high dose exposure to SHS rather than 
in human exposure scenarios) indicate multiple pathways to be implicated in the 
carcinogenesis process and suggests the need to develop better experimental models 
and design for future studies to gain realistic and relevant knowledge to understand 
this process in a more cognizant manner.   

6.7     Summary 

 Epidemiological studies point to associations between exposure to air pollution 
(that contains many well recognized carcinogens) and increase in the incidence of 
various cancers in population studies. The evidence is stronger in the case of occu-
pational exposure to individual constituents of air pollutants suggesting a potential 
relationship for carcinogenic effects of air pollution mixtures. The available experi-
mental evidence from laboratory studies for selective air pollutants (viz. formalde-
hyde, benzene, PAHs and second hand smoke reviewed here), suggest involvement 
of multiple, but possible common biological pathways. These carcinogenic com-
pounds in the air may enter into humans by inhalation, ingestion or dermal routes. 
Once these compounds have entered into different organs/portals of entry, they are 
metabolized/activated to radical/electrophilic moieties by phase I xenobiotic system 
or chemical specifi c metabolizing enzymes and conjugated and eliminated by phase 
II enzymes in liver, lung and other organ systems. The electrophilic/oxidative 
metabolites generated in this process are capable of initiating carcinogenic process 
by either genotoxic/mutagenic or non-genotoxic pathways. The former pathways 
include generation of DNA adducts and DNA-protein adducts. The DNA damage 
leads to activation of DNA repair machinery to fi x damaged DNA. Misrepair of 
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DNA and subsequent error-prone replication may potentially lead to mutagenesis. 
In addition, these airborne carcinogens may also perturb the cellular homeostasis 
processes resulting in: (a) oxidative stress; (b) infl ammatory responses; and (c) epi-
genetic and gene expression alterations leading to enhanced cell proliferation. These 
pathways either independently; or together are implicated in the initiation and or 
promotion of carcinogenic process and contribute to diverse cancers observed in the 
population studies. The potential role of multiple pathways implicated in the carci-
nogenic process mediated by these chemicals is depicted in Fig.  6.4 . These diverse 
pathways may act alone or in different combinations resulting in cancer. Similarly, 
how specifi c genotoxic/mutagenic or carcinogenic compounds in the air act alone or 
together in a synergic or additive way to induce one or more mechanistic pathways 
referred above, leading to cancer is still largely unknown. Future research efforts to 
elucidate molecular pathways involved in air- pollution induced carcinogenesis 
studies may have to develop more integrated approaches that include a combination 
of high throughput systems biology and to identify specifi c drivers of cancer that 
may aid in providing scientifi c basis for their mode of action to aid in hazard 
 identifi cation and or risk assessment.      

  Fig. 6.4    Summary of mechanisms of carcinogenesis by airborne carcinogens       
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    Chapter 7   
 Molecular Epidemiology Focused on Airborne 
Carcinogens      

        Pavel        Rossner        Jr.    ,       Blanka        Binkova    ,       Andrea        Rossnerova    ,    
and     Radim        J.        Sram    

7.1             Introduction 

7.1.1     Air Pollutants and Their Impact on Human Health 

 Humans are constantly exposed to thousands of xenobiotics, that are present in the 
ambient air, soil, water, as well as in food and various products of human activity. 
Routes of exposure include inhalation, ingestion and/or dermal contact. Ambient air 
pollution is considered the most serious in terms of its effect on human health, 
because it is ubiquitous in both industrialized and developing countries and thus a 
vast majority of human population suffers from its negative impact. Combustion of 
fossil fuels due to traffi c, local heating and/or industrial production represent a pre-
dominant source of air pollution. It has been shown that air pollution has both acute 
and chronic effects on human health affecting different organs and systems, particu-
larly the respiratory, cardiovascular and nervous systems (Kampa and Castanas  2008 ). 
Even though air pollutants are a diverse group of xenobiotics, they can be classifi ed 
into four categories: gaseous pollutants [SO 2 , NOx, CO, ozone and volatile organic 
compounds (VOCs)], persistent organic pollutants (POPs; e.g. dioxins), metals, and 
particulate matter (Kampa and Castanas  2008 ). Biological effects of these com-
pounds may be exerted either through the interaction of the chemicals with biomol-
ecules (nucleic acids, lipids and proteins) thus hampering their function or, in case 
of nucleic acids, inducing mutations, or by generation of reactive oxygen species 
(ROS) that cause oxidative damage. In the following text, we will discuss health 
effects of some of the most important air pollutants. 

                P.   Rossner   Jr.     , Ph.D.   •    B.   Binkova     , Ph.D.   •    A.   Rossnerova     , Ph.D.   •    R.  J.   Sram     , M.D., D.Sc.   (*) 
  Department of Genetic Ecotoxicology ,  Institute of Experimental Medicine, AS CR , 
  Videnska 1083 ,  142 20   Prague 4 ,  Czech Republic   
 e-mail: sram@biomed.cas.cz  

mailto:sram@biomed.cas.cz


186

 Volatile organic compounds (VOCs) include a class of organic compounds 
generated mostly as by-products of fuel combustion in road transportation. Most 
 studies concerning VOCs focused on benzene which is a known human carcinogen 
responsible for hematological malignancies. The harmful effects of benzene on 
human health are linked to the formation of ROS that induce oxidative stress, and 
thus damage DNA and other macromolecules (Barreto et al.  2009 ). Readers are 
referred to Chap.   6     for more detailed understanding on the  mechanisms involved in 
benzene-induced carcinogenesis. 

 Dioxins, polychlorinated biphenyls (PCBs) and pesticides are among the class of 
persistent organic compounds. These chemicals are characterized by their stability 
in the environment and by the ability to increase their effect as they move through 
food chain. Dioxins are produced while burning chlorine-containing material; PCBs 
were widely used in many industrial products including e.g. coolants, plasticizers, 
fl ame retardants or lubricating oils. Many of the compounds are carcinogenic/sus-
pected carcinogens to humans. Dioxins and some of the PCBs interact with aryl 
hydrocarbon receptor and may thus affect expression of various genes. 

 Many metals are natural components of the Earth’s crust but may be released into 
the air during combustion or industrial processes. Some of the metals (Ca, Zn, Mg, 
Fe) at low doses are important cellular components forming specifi c protein domains 
(e.g. Zn fi ngers, hemoglobin molecules). However, at higher concentrations metals 
may induce ROS formation or interfere with enzyme functions by replacing 
naturally- occurring ions (e.g. Zn) in protein domains. In this way, carcinogenic 
properties of some heavy metals may be manifested. 

 Particulate matter (PM) is a broad class of air pollutants that encompasses par-
ticles of various sizes (coarse particles of aerodynamic diameter ≤10 μm, fi ne par-
ticles of aerodynamic diameter ≤2.5 μm, ultrafi ne particles of aerodynamic diameter 
≤100 nm) and chemical composition. PM is mostly emitted during activities associ-
ated with burning organic material (local heating, industrial production, power 
plants, road traffi c), but may also arise from natural sources including windblown 
dust. After inhalation, PM is deposited in upper airways, but smaller particles pen-
etrate to the lungs, some of them reaching alveoli. Ultrafi ne particles may even enter 
the bloodstream and may thus be carried to distant parts of the body. Depending on 
the source of PM, particles may contain metals, reactive gases, material of biologi-
cal origin or various organic compounds including polycyclic aromatic hydrocar-
bons (PAHs). PAHs have been identifi ed to be responsible for most of the genotoxic 
activity of PM (Binkova et al.  1999 ) causing damage to DNA and proteins by induc-
ing DNA and protein adducts. Inhalation of fi ne and ultrafi ne PM also leads to 
infl ammation and subsequent production of reactive oxygen species (Mazzoli- 
Rocha et al.  2010 ). The production of ROS, that include e.g. the hydroxyl radical, 
superoxide anion, or hydrogen peroxide, is caused by both the physical effects of 
PM (PM is phagocyted by macrophages that consequently produce ROS), and the 
presence of various chemicals on the surface of PM (e.g. metals, PAHs) with pro- 
oxidant properties. It has been repeatedly shown that exposure to PM correlates 
with increased mortality caused by lung cancer and cardiovascular diseases 
(Dockery et al.  1993 ; Pope et al.  1995 ; Sarnat et al.  2001 ). Pope et al. suggested that 
a long term increase in PM2.5 of 10 μg/m 3  is associated with an 8 % increase in lung 
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cancer mortality in adult men (Pope et al.  2002 ). Despite the fact that other factors 
related to cancer incidence, such as smoking habits or inappropriate diet, are probably 
stronger infl uences, the absolute number of cancer cases related to air pollution is 
high due to the high prevalence of exposure (Beaglehole et al.  1993 ). 

 After entering the organism, some xenobiotics are metabolized and form active 
compounds that may interact with cellular macromolecules. Other chemicals do not 
require metabolic activation and act as direct mutagens/carcinogens. 

 Many polycyclic aromatic hydrocarbons, products of incomplete combustion of 
organic material, are typical examples of compounds requiring metabolic activa-
tion. Three principal pathways of PAHs metabolism have been proposed (Xue and 
Warshawsky  2005 ).  The Bay region dihydrodiol epoxides pathway  involves three 
enzymatic reactions: oxidation of a double bond catalyzed by cytochrome P450 
enzymes to unstable arene oxides, their hydrolysis by microsomal epoxide hydro-
lases to trans-dihydrodiols and cytochrome P450-catalyzed oxidation to diol- 
epoxides that can bind to DNA.  The radical cation pathway  includes one electron 
oxidation catalyzed by P450 peroxidase. In this pathway PAHs are oxidized inde-
pendently of molecular oxygen; organic or lipid hydroperoxides are used as the 
oxidant source instead. Radical cations are electrophilic and capable of interacting 
with nucleophilic centers in cellular macromolecules including DNA. Both path-
ways lead to formation of reactive intermediates that bind to macromolecules and 
form adducts. Adducts negatively impact the function of macromolecules and in 
case of DNA may result in induction of mutations and thus increase the risk of can-
cer.  Activation through PAH-  o-  quinones  is the third major pathway of PAH 
metabolism. In this pathway dihydrodiol dehydrogenases catalyze the oxidation of 
trans-dihydrodiols to PAH  o -quinones. PAH  o -quinones are electrophilic metabo-
lites that enter redox cycles and generate ROS thus leading to oxidative damage of 
DNA and other macromolecules. 

 Apart from this reaction ROS may be generated by other metabolic processes or 
by infl ammation. These processes are among the endogenous sources of 
ROS. Exogenous sources include environmental factors such as smoking, diet (Loft 
et al.  1992 ; Klaunig and Kamendulis  2004 ), ultraviolet radiation, ionizing radiation 
or exposure to environmental pollution (Wu et al.  2004 ). ROS can attack lipids, 
proteins and nucleic acids (Cooke et al.  2003 ). The modifi cation of DNA molecules 
represents the most serious form of impact of ROS on the organism because it may 
lead to base changes, mutations, and/or DNA breaks. If ROS attack both DNA 
strands, double-strand DNA breaks may appear. These breaks may lead either to 
unstable chromosomal aberrations, or, if homologous recombination or non-homol-
ogous end- joining repair seal the breaks, to stable chromosomal translocations. The 
attack of ROS on lipids that leads to lipid peroxidation may have also potentially 
serious consequences, as it may damage cellular membranes and inactivate 
membrane- bound receptors or enzymes. In addition, secondary products of lipid 
peroxidation, such as aldehydes, are highly reactive and may propagate oxidative 
stress by reacting with other cellular molecules including proteins (Slade et al.  2010 ). 
Oxidation of proteins generates carbonyl groups mostly on side chains of protein 
molecules. These modifi cations affect the function of proteins and interfere with 
enzymatic activity and structural properties of proteins (Dalle-Donne et al.  2006 ).   
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7.2     Molecular Epidemiology and Biomarkers 

 From the health of human population point of view, it is very important to estimate 
damage to the organism caused by xenobiotics in early stages before exposure- 
related diseases are manifested. This requirement can be fulfi lled by the implemen-
tation of human biomonitoring into healthcare practice. In general, human 
biomonitoring may either concentrate on measurement of xenobiotic levels in body 
fl uids or on analyses of changes of biomolecules. While the former approach is 
analytically less demanding, it does not address the question of the biological effect 
of xenobiotics on human organism. This is why the latter approach is preferable. Its 
application in the recent decades has developed into the fi eld of molecular 
epidemiology. 

 Molecular epidemiology aims to merge sophisticated and highly sensitive labo-
ratory methods with analytical epidemiological methods. It bridges from basic 
research in molecular biology to studies of human cancer causation by combining 
laboratory measurement of internal dose, biologically effective dose, biological 
effects and the infl uence of individual susceptibility with epidemiologic methodolo-
gies (Perera and Whyatt  1994 ). The most common view is that this approach repre-
sents a natural convergence of molecular biology and epidemiology (Perera et al. 
 1998 ). 

 Molecular epidemiology focuses on analyses of biomarkers as parameters that 
allow for quantitative differentiation of subjects exposed to harmful compounds/
factors from a normal population. Thus, the biomarkers rather than the disease are 
used to assess the risk of environmental exposure (Albertini et al.  1996 ; Albertini 
 1998 ). The number of biomarkers available for evaluating genetic and cancer risk in 
humans is quite large and they may be broadly classifi ed into three groups: biomark-
ers of exposure, biomarkers of effect and biomarkers of susceptibility (Fig.  7.1 ). 
Their utility for human biomonitoring is based on the paradigm of environmentally 
induced cancer (Committee on Biological Markers of the National Research Council 
 1987 ). The biomarkers encompass processes of interaction of xenobiotics with the 
organism starting with exposure and absorption, followed by their metabolism, dis-
tribution, critical target interaction (i.e. damage to macromolecules and repair), and 
fi nally resulting in genetic changes and disease. In relation to the recent technical 
development and emergence of omics technologies new biomarkers, also called 
omics biomarkers (Bonassi et al.  2013 ), have appeared (Fig.  7.1 ). These biomark-
ers, that can be classifi ed as intermediate omics biomarkers of effect (Vineis et al. 
 2013 ), include e.g. analyses of mRNA expression (transcriptomics), DNA methyla-
tion (epigenomics) and microRNA (miRNA) expression (micromics). Analyses of 
expression of selected individual genes have been expanded to gene expression pro-
fi ling of the whole genome. The biomarkers that strive to address mechanisms of 
regulation of gene expression include methylation profi les of the genome and 
miRNA analyses. Although the studies that apply the new biomarkers in the bio-
monitoring are still relatively scarce, the results are promising and indicate that new 
avenues have opened in biomarkers research. However, an ultimate answer to the 
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question how xenobiotics impact human health should be provided on the protein 
level. This answer may be solved in the future when the emerging fi eld of pro-
teomics becomes more advanced and available for researches worldwide.  

 An ideal biomarker should meet certain criteria. It should be: (1) sensitive enough 
to be detectable even at low levels of exposure; (2) specifi c so that it refl ects expo-
sure to compounds of interest; (3) standardized and validated so that its analysis is 
reproducible in both intra- and interlaboratory settings; (4) its analysis should be 
inexpensive and technically relatively easy to perform; (5) collection of samples for 
the biomarker analysis should be non-invasive; and (6) its detection method should 
be high-throughput so that analyses of larger sample sets can be easily performed. 

 In the following text, we will discuss individual groups of biomarkers, give 
examples of some of the most commonly used biomarkers and report the results of 
studies in which the biomarkers have been analyzed. 

7.2.1     Biomarkers of Exposure 

 The concentration of xenobiotics, their metabolites, or levels of modifi ed macro-
molecules formed as a result of interactions between xenobiotics and target tissue/
cell/molecule are included among the biomarkers of exposure. The concentrations 
of xenobiotics and their metabolites may be measured in body fl uids (urine, blood). 
These biomarkers typically include detection of metals in urine or blood plasma, 
analyses of metabolites of PAHs, PCBs, pesticides and other xenobiotics in urine 
and/or blood plasma. However, as mentioned above, these parameters do not refl ect 
the actual effect of the compounds on human organism; they simply serve as 

Exposure

Disease

Traditional biomarkers

1. Exposure

2. Effect

3. Susceptibility

-omics biomarkers of
effect

1. Epigenomics

2. Transcriptomics

3. Micromics

  Fig. 7.1     Overview of 
traditional and omics 
biomarkers applied in 
molecular epidemiology and 
their incorporation into the 
exposure-disease link       
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information on the amount of xenobiotics that entered/left the organism. For this 
reason, biomarkers of biologically effective dose that includes levels of modifi ed 
cellular macromolecules (proteins, lipids and DNA) are  a parameter of choice for  
molecular-epidemiological studies. DNA or protein adducts have been of particular 
interest in many studies. 

 DNA adducts quantify the biologically effective dose of genotoxic compounds 
that were bound to DNA as a target molecule of carcinogenesis (Binkova et al. 
 1995 ,  1996 ,  1998 ,  2007 ; Phillips and Castegnaro  1999 ). Typical examples of geno-
toxic compounds include carcinogenic PAHs (c-PAHs) that form bulky DNA 
adducts or reactive oxygen species (ROS) that induce formation of e.g. 8-oxo-7,8-
dihydro- 2′-deoxyguanosine (8-oxodG) as a result of interaction with DNA. If DNA 
adducts are not effectively repaired, they might be fi xed as mutations during replica-
tion. Thus, DNA adduct levels have a direct relation to mutagenesis and carcinogen-
esis. Data are accumulating about the relation of DNA adducts induced by 
environmental exposure to complex mixture components such as carcinogenic 
polycyclic aromatic hydrocarbons (Georgiadis et al.  2001 ; Lewtas  2007 ) and inci-
dence of malignant tumors and other degenerative diseases (Migliore and Coppede 
 2002 ; Binkova et al.  2002 ). 

7.2.1.1     Bulky DNA Adducts 

 Bulky DNA adducts are markers of exposure to genotoxic aromatic compounds and 
the ability of an individual to metabolically activate carcinogens and repair DNA 
damage (Phillips  2005 ). The use of DNA adducts as a measure of exposure can 
identify individuals at higher probability of subsequently developing cancer several 
years prior to the onset (or clinical manifestation) of the disease (Phillips  2005 ). 
Bulky DNA adducts determined by the standardized  32 P-postlabeling method 
(Fig.  7.2 ) are also sensitive biomarkers of environmental exposure to c-PAHs, if the 
study simultaneously includes personal and stationary monitoring, information on 
the life style, determination of cotinine, vitamin and lipid levels, as well as genetic 

  Fig. 7.2     A typical result of bulky DNA adducts analysis by  32 P-postlabeling in human peripheral 
blood lymphocytes. ( a ) DNA isolated from peripheral blood lymphocytes of a human subjects 
exposed to air pollution; ( b ) A negative control (water blank); ( c ) A positive control (DNA isolated 
from the lungs of a rat treated with B[a]P)       
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polymorphisms of metabolic and DNA repair genes (Phillips and Castegnaro  1999 ; 
Palli et al.  2001 ,  2003 ; Godschalk et al.  2001 ; Binkova et al.  2007 ; Georgiadis et al. 
 2001 ; Kyrtopoulos et al.  2001 ; Peluso et al.  1998 ; Autrup et al.  1999 ).  

  32 P-postlabeling was widely used in the Czech Republic simultaneously with the 
personal monitoring of exposure to c-PAHs. The studies included subjects exposed 
to high levels of air pollutants in Northern Bohemia (B[a]P concentrations up to 
7.5 ± 3.6 ng/m 3 ) (Binkova et al.  1995 ,  1996 ), capital city of Prague (groups of city 
policemen and bus drivers of a total of 950 subjects) (Sram et al.  2011 ) and in highly 
polluted Ostrava region (Rossner et al.  2013b ). The data obtained for biomarkers of 
exposure and effect from these studies were used for the pooled analysis. Using 
multivariate logistic regression, the relationship between personal exposure to 
B[a]P and DNA adducts measured by  32 P-postlabeling was calculated (DNA 
adducts = 1.042 + B[a]P × 0.077, p < 0.001) (Sram et al.  2011 ). These results indicate 
that c-PAH exposure plays a crucial role in DNA adduct formation in 
lymphocytes. 

 A pooled analysis of bulky DNA adducts in white blood cells of 3,600 subjects 
from several European countries was published in 2010 (Ricceri et al.  2010 ). Lowest 
DNA adduct levels were observed in spring, followed by summer, autumn and win-
ter. Bulky DNA adduct levels were signifi cantly lower in Northern Europe than in 
Southern Europe. Authors observed weak associations between bulky DNA adducts 
and exposure variables. The effect was more pronounced, if DNA adducts were 
determined in peripheral lymphocytes. In a review of 18 studies that analyzed 
traffi c- associated bulky DNA adducts, including exposure assessment, differences 
between exposed and control subjects were observed; in nine studies an association 
between DNA adducts and exposure was detected (DeMarini  2013 ). 

 However, the relationship between the exposure to PAHs (B[a]P) and bulky 
DNA adduct levels is not linear. As Lewtas et al. pointed out, in case of higher occu-
pational exposure to PAHs, as in coke oven workers, the exposure-DNA adduct 
relationship does not follow dose-response curve. This superlinear response is con-
sistent with saturation of enzyme activity, as would be expected at high doses for 
carcinogens that require metabolic activation (Lewtas et al.  1997 ).  

7.2.1.2     Oxidative Damage Markers 

 As mentioned above, all cellular macromolecules may be a target for ROS attack. 
Although oxidative DNA damage is the most serious because it may lead to mutations 
(e.g. the presence of 8-oxodG in DNA may result in GC to TA transversions), lipid 
peroxidation yields highly reactive intermediates that cause secondary damage to cel-
lular structures. Unlike DNA, no repair systems exist for oxidized proteins; they can 
be either recognized by the proteolytic system and degraded by proteasomes or accu-
mulate in the organism as dysfunctional molecules (Dunlop et al.  2009 ). 

 8-oxodG is the most often studied product of DNA oxidation and its presence in 
urine or lymphocyte DNA was used as a marker of disease or environmental 
 exposure in numerous studies (reviewed e.g. in Loft et al.  2008 ; Rossner and Sram 
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 2012 ). Urine is particularly suitable matrix for the analysis of 8-oxodG levels: the 
samples can be obtained non-invasively, in suffi cient quantity, 8-oxodG in urine is 
very stable and there is no risk of artifactual DNA oxidation during the sample han-
dling. Many studies have shown the effect of traffi c-related exposures on 8-oxodG 
excretion in urine. Traffi c exhaust contains a complex mixture of chemicals with the 
ability to induce ROS production and subsequently oxidative DNA damage. In 
agreement with this fact, urinary 8-oxodG levels were signifi cantly elevated in taxi 
drivers (Chuang et al.  2003 ), highway toll station workers (Lai et al.  2005 ), city and 
long-distance bus drivers (Rossner et al.  2007 ,  2008a ; Han et al.  2010 ) and diesel 
exhaust emission inspectors (Lee et al.  2010 ). Interestingly, in another study that 
followed city policemen in the winter and spring season which differed in levels of 
air pollutants no effect of seasonal variability was observed (Rossner et al.  2011a ). 

 Air pollution not directly related to traffi c resulted in elevated urinary 8-oxodG 
levels in fi refi ghters (Hong et al.  2000 ), coke-oven workers (Wu et al.  2003 ) and 
boilermakers (Kim et al.  2004 ). Svecova et al. analyzed the effect of PM10, PM2.5, 
c-PAHs and B[a]P, on urinary levels of 8-oxodG in 894 children aged 6–10 years 
living in the Czech Republic. All analyzed pollutants increased oxidative damage 
within one week of exposure (Svecova et al.  2009 ). On the other hand, no effect of 
environmental air pollution on 8-oxodG excretion was observed in a group of offi ce 
workers and city policemen living in heavily polluted region of the Czech Republic 
(Rossner et al.  2013a ). 

 Products of lipid peroxidation may be formed by three different mechanisms: 
free-radical mediated, nonradical-nonenzymatic and enzymatic (Niki  2009 ). These 
reactions give rise to a number of products that in low concentrations are important 
redox signaling mediators. However, at higher concentrations they cause damage to 
the organism and have been implicated in pathogenesis of various diseases. From 
the molecular epidemiology point of view, several lipid peroxidation products (LPO) 
are commonly analyzed: conjugated diens, lipid hydroperoxides, malondialdehyde 
(MDA)/thiobarbituric acid-reactive substances (TBARS) and F 2 -isoprostanes 
(Moller and Loft  2010 ). The levels of 15-F 2t -isoprostane (15-F2t-IsoP), a commonly 
used biomarker of lipid peroxidation that is formed from arachidonic acid by a free 
radical-mediated peroxidation of arachidonic acid independent of cyclooxygenase 
(Morrow et al.  1990 ), have been consistently shown to be elevated after exposure to 
air pollutants including cigarette smoke (Kato et al.  2006 ), ozone (Chen et al.  2007 ), 
c-PAHs and PM (Rossner et al.  2007 ,  2008b ,  2011a ,  2013a ; Barregard et al.  2006 ; 
Nuernberg et al.  2008 ). On the other hand, levels of lipid hydroperoxides, that are 
formed as a product of reaction between oxygen and carbon radical in lipids, did not 
differ between traffi c offi cers and controls sampled in Catania, Italy (Bonina et al. 
 2008 ). TBARS levels, that are usually considered a non-specifi c marker of lipid 
peroxidation, were positively associated with exposure to PM 2.5  in a group of senior 
subjects (Liu et al.  2009 ). This marker was also affected in subjects who moved to 
a highly polluted location (Mexico City). Interestingly, the levels of TBARS dropped 
to normal levels after a 16 weeks stay in the city (Medina-Navarro et al.  1997 ). 

 Protein carbonyl groups, used as a marker of protein oxidation, are relatively 
 diffi cult to induce and thus they probably refl ect more severe cases of oxidative 
stress associated with protein dysfunction (Dalle-Donne et al.  2003 ). The use of this 
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marker in molecular-epidemiological studies is not very common and the results are 
confl icting (Bagryantseva et al.  2010 ; Ceylan et al.  2006 ; Rossner et al.  2007 ,  2008b , 
 2011a ,  2013a ). The usefulness of this marker in biomonitoring of the effect of air 
pollutants on human organism remains to be clarifi ed.  

7.2.1.3     Comet Assay 

 The comet assay (single cell gel electrophoresis, SCGE) is widely used in human 
biomonitoring to measure DNA damage as a marker of exposure to genotoxic 
agents or to investigate genoprotective effects (Collins et al.  2014 ). The comet assay 
allows the detection of both single and double strand breaks (DSB) depending in 
assay conditions; DSB represent the principal lesion leading to the formation of 
chromosomal aberrations. The majority of chemical mutagens induce DSB indi-
rectly via the generation of other DNA lesions such as single strand DNA breaks or 
oxidative damage that may be converted to DSB during DNA replication or repair 
(Obe et al.  2002 ). When combined with specifi c bacterial repair enzymes, it identi-
fi es a broad spectrum of additional lesions including oxidized purines and pyrimi-
dines (Collins  2004 ). The comet assay is characterized by relative simplicity, low 
requirements on the number of analyzed cells as well as ability to detect DNA dam-
age independently of the cell cycle. 

 DeMarini reviewed the use of the method to detect DNA damage induced by 
traffi c in seven exposure groups. In all groups, the higher level of DNA damage was 
observed in the exposed versus the control populations; the association between 
exposure levels and DNA damage was observed in all, but one study (DeMarini 
 2013 ). Collins et al. further reviewed studies focusing on the effect of air pollution, 
especially PAHs, on DNA damage. In all ten studies, comet assay detected higher 
DNA damage in exposed groups (Collins  2004 ). 

 Novotna et al. used the comet assay to analyze genetic damage in 54 city police-
men (exposed) and 11 controls (working indoors); the sampling was performed in two 
seasons (January and September). The exposed group displayed signifi cantly higher 
levels of unspecifi ed DNA damage than controls during both seasons, oxidative DNA 
damage was signifi cantly higher in the exposed group in January only. The correlation 
analysis revealed a strong association in the exposed group between the level of oxida-
tive DNA damage and personal exposure to c-PAHs in January (Novotna et al.  2007 ). 

 All these studies strongly suggest that the data obtained from the comet assay 
may serve as an important biomarker of exposure to air pollution.   

7.2.2     Biomarkers of Effect 

 These biomarkers are characterized as measurable biochemical, or physiological 
alterations within the organism that are known to negatively affect health or are 
associated with progression of a disease. They include parameters that characterize 
chromosomal changes or DNA breaks. 
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7.2.2.1     Chromosomal Aberrations 

 Chromosomal aberrations in human peripheral blood lymphocytes are recognized 
as a valuable biomarker of effect in molecular epidemiology. Three basic cytoge-
netic techniques have been used over time for evaluation of genetic damage – con-
ventional cytogenetic analysis (CCA), analysis of micronuclei (MN) and fl uorescent 
in situ hybridization (FISH). 

  CCA , as a method focused mainly on unstable aberrations such as chromosomal 
and chromatid breaks (Fig.  7.3a ), has been accepted as a technique suitable for the 
biological monitoring of genetic damage in somatic cells since the early 1970s. This 
method was frequently used in various studies to investigate the levels of damage in 
people exposed to clastogenic agents in the workplace (Natarajan and Obe  1980 ; 
Sram et al.  2004 ). Pooled European data (22,358 subjects) proved that chromo-
somal aberrations are a valuable standardized and validated biomarker of effect 

  Fig. 7.3     Examples of cytogenetic fi ndings in human peripheral blood lymphocytes, detected by 
various methodological approaches used in genetic toxicology: ( a ) Chromatid break identifi ed by 
conventional cytogenetic analysis in metaphases chromosomes; ( b ) Reciprocal translocation 
between chromosomes #1 (painted  red ) and #4 (painted  green ) identifi ed by fl uorescent  in situ  
hybridization in metaphases chromosomes; ( c ) Cytochalasin-B-blocked binucleated cell with one 
micronuclei stained by DAPI, identifi ed by automated image analysis; ( d ) Cytochalasin-B-blocked 
binucleated cell with two micronuclei stained by Giemsa, identifi ed by visual technique       

 

P. Rossner Jr. et al.



195

(Hagmar et al.  2004 ; Rossner et al.  2005 ; Bonassi et al.  2008 ). Low cost of the 
analysis of Giemsa stained slides is an important advantage of the method; the dis-
advantage is its laboriousness. This method usually involves evaluation of 100 or 
200 well-spread metaphases per subject depending on the size of exposed and/or 
control groups. There were some efforts for automation of this method, but current 
state of the art allows scanning metaphases and evaluation of dicentric chromo-
somes only; both chromosomal and chromatid breaks are not recognized by any 
automation system yet.  

 The analysis of  MN  in human peripheral blood lymphocytes that has been used 
since 1976 (Countryman and Heddle  1976 ) is the most frequently applied cytoge-
netic method in molecular epidemiology (Fig.  7.3c, d ). Current assay procedure 
focused on evaluation of MN in binucleated cells (BNC) dates its origin to 1985, 
when cytochalasin-B was fi rst used to inhibit cytokinesis (Fenech and Morley 
 1985 ). MN, represent a measure of both chromosome breakage and chromosome 
loss. Therefore, an increased frequency of micronucleated cells, used as a bio-
marker of genotoxic effects, can refl ect exposure to agents with clastogenic or 
aneugenic modes of action (Fenech and Morley  1985 ). Currently, the MN assay is 
one of the preferred methods for assessing chromosomal damage as a result of 
environmental mutagen exposure as well as a tool for genotoxicity testing (Kirsch-
Volders et al.  2014 ). 

 The HUman MicroNucleus international collaborative project (HUMN), estab-
lished in 1997, pooled data from more than 6,700 subjects and confi rmed that an 
elevated MN frequency is predictive of an increased cancer risk (Bonassi et al. 
 2007 ). Another analysis in this project confi rmed that MN frequency is not elevated 
in moderate smokers and only heavy smokers showed a signifi cant increase in geno-
toxic damage as measured by the micronucleus assay (Bonassi et al.  2003 ). Though 
the visual scoring of MN is relatively easy for a trained person, the scoring of thou-
sands of cells is very time-consuming and tiring work, moreover affected by inter-
personal and interlaboratory variability (Fenech et al.  2003 ). Unlike CCA, there are 
some validated options for automation and image analysis of MN based on scanning 
and scoring of MN on Giemsa or DAPI stained slides (Fenech et al.  2013 ). One of 
the current biomonitoring studies, the fi rst one that used automated image analysis, 
showed the impact of season variability of air pollution (concentration of B[a]P) on 
the frequency of MN in BNC in moderately polluted area (Rossnerova et al.  2009 ). 
Using multivariate logistic regression, the relationship between personal exposure 
to B[a]P and micronuclei expressed as MN/1,000 cells was calculated 
(MN = 5.18 + B[a]P × 1.11, p = 0.002) for this location. Another study performed in 
highly polluted Ostrava region in the Czech Republic generally failed to show bio-
marker changes. These results were explained by differences in gene expression 
between locations and a possibility of adaptive response for population living in 
highly polluted area was suggested (Rossner et al.  2013a ,  b ,  2014b ). This results 
opened new course for future research. 

  FISH  technique is another method having been used in genetic toxicology since 
the late 1980s. It is focused mainly on identifi cation of stable chromosomal aberra-
tions like non-reciprocal translocations, reciprocal translocations or insertions, 
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which are not easily recognized by conventional method (Fig.  7.3b ). This method 
also allows identifi cation of unstable chromosomal aberrations represented e.g. 
by acentric fragments, but the results are generally limited to the painted 
chromosomes. 

 Due to the fact that different laboratories paint different chromosomes by the 
whole chromosome painting, two important tools were suggested for comparison of 
results between studies: (1) aberrant cells are classifi ed according to the Protocol for 
Aberration Identifi cation and Nomenclature (PAINT) (Tucker et al.  1995 ); (2) the 
genomic frequencies of translocations (F G ) are calculated by formula suggested by 
Lucas et al. ( 1992 ) where exchange frequencies obtained from each chromosome 
are calculated for the whole genome by dividing the observed frequencies by the 
factor of 2.05  f  p  (1 −  f  p ), where  f  p  is the fraction of painted DNA converted by indi-
vidual chromosomes. 

 The background translocation frequency by age, gender, race and smoking status 
were assessed in pooled data from healthy humans (Sigurdson et al.  2008 ). FISH 
technique was successfully used in various human studies for evaluation of the 
effect of exposure e.g. carcinogenic polycyclic aromatic hydrocarbons (c-PAHs), 
metals or radiation (Beskid et al.  2007 ; Palus et al.  2003 ; Edwards et al.  2004 ). 

 Surprising results were observed in the group of city policemen who were exam-
ined in two seasons with different concentrations of air pollutants (January and 
March 2004): the genomic frequency of translocations decreased similarly as did 
the subjects’ exposure to c-PAHs. This suggests that chromosomal aberrations are 
not so stable in time as originally expected (Sram et al.  2007b ). Using multivariate 
logistic regression the relationship between personal exposure to B[a]P and the 
genomic frequency of translocations measured by FISH was calculated 
(F G /100 = 1.255 + B[a]P × 0.082, p < 0.05). When Binkova et al. studied the relation-
ship between chromosomal aberrations and bulky DNA adduct levels in the same 
subjects, multiple regression analysis indicated that B[a]P-like DNA adducts are a 
signifi cant predictor of the genomic frequency of translocations (Binkova et al. 
 2007 ). 

 Whole chromosome painting using the FISH technique is more sensitive than the 
conventional cytogenetic method, which was not affected by the studied concentra-
tions of c-PAHs. Nevertheless this cytogenetic method is generally based on the 
fact, that the sensitivity of each chromosome to DNA damage is the same. However, 
some studies discussed different sensitivity of individual chromosomes (Orjuela 
et al.  2010 ; Rossner et al.  2014a ).  

7.2.2.2     Sperm DNA Fragmentation 

 Sperm DNA fragmentation can be attributed to various pathological conditions 
including cancer, fever, age, or infection. Many environmental conditions, such as 
chemotherapy, radiation, air pollution, smoking, as well as ROS can also affect 
DNA fragmentation in sperm. It is now recognized that elevated sperm DNA frag-
mentation has a signifi cant effect on reproductive outcome (Evenson et al.  2002 ; 
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Larson-Cook et al.  2003 ). As illustrated below, sperm DNA fragmentation was 
identifi ed as a sensitive biomarker of air pollution. 

 Sperm DNA fragmentation is determined by the sperm chromatin structure assay 
(SCSA). The sperm sample is stained with acridine orange, which is a metachro-
matic DNA dye that fl uoresces green when intercalated into native DNA and shifts 
to a red fl uorescence when associated with collapsed single-stranded DNA. These 
stained samples are measured by fl ow cytometry (Evenson et al.  2007 ; Evenson 
 2013 ). 

 Using the SCSA, Rubes et al. studied the impact of air pollution to sperm DNA 
damage repeatedly in the same donors living in the polluted Northern Bohemian 
region (Rubes et al.  2005 ). DNA fragmentation index (DFI), defi ned as a percentage 
of mature sperm with abnormal chromatin/fragmented DNA, was signifi cantly 
affected by the exposure. Other parameters (sperm concentration, semen volume, 
sperm morphology and sperm motility) were not associated with air pollution. It 
was the fi rst study reporting association between exposure to ambient air pollution 
and DNA fragmentation in human sperm. These results were further confi rmed by 
another study (Rubes et al.  2010 ), in which DNA fragmentation was observed in 
mature spermatozoa in subjects exposed to concentration of 1 ng B[a]P/m 3 .   

7.2.3     Biomarkers of Susceptibility 

 Biomarkers of susceptibility mostly take into account the role of genetic makeup of 
the organism in the response to the exposure to xenobiotics. These biomarkers are 
represented by single nucleotide polymorphisms (SNPs), studied particularly in 
genes proven to be critical e.g. for metabolic activation of xenobiotics (oxygenases 
of cytochromes P450), their detoxifi cation (glutathione-S-transferases), or repair 
pathways (e.g.  XRCC1 ,  XPD ,  hOGG1 ) (Tuimala et al.  2002 ; Thacker and Zdzienicka 
 2003 ; Kelada et al.  2003 ). The saturation of the organism by vitamins (e.g. A, C, E, 
folic acid) is also regarded as a factor affecting susceptibility to the genotoxic and 
carcinogenic effects of xenobiotics. Vitamins are known to play a signifi cant role as 
free radical scavengers and antioxidant agents; they also affect the synthesis of 
DNA repair enzymes (Zijno et al.  2003 ; Ames  2001 ; Fenech  2001 ; Fenech and 
Ferguson  2001 ). 

 It has been shown that levels of biomarkers of exposure and effect are modulated 
by genetic polymorphisms in relevant genes. Palli et al. demonstrated the effect of 
polymorphisms in  XPD , a DNA repair gene, on bulky DNA adduct levels of traffi c 
workers and general population exposed to high levels of genotoxic agents related 
to vehicle emissions (Palli et al.  2001 ). The study of Godschalk et al. provided the 
evidence for combined effects of genetic polymorphisms in  GSTM1 ,  GSTT1 ,  NAT1  
and  NAT2 , genes encoding proteins responsible for detoxifi cation of xenobiotics, on 
bulky DNA adduct formation in smoking individuals and indicated that simultane-
ous assessment of multiple genotypes may identify individuals at higher cancer risk 
(Godschalk et al.  2001 ). Another study of Palli et al. confi rmed that biomarkers of 
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dietary intake of antioxidants as well as genetic susceptibility markers ( GSTM1 ) 
modulate bulky DNA adduct levels in healthy adults (Palli et al.  2003 ). Binkova 
et al. demonstrated that smoking, vitamin C and polymorphisms in  XPD ,  XRCC1  
and  GSTM1  are signifi cant predictors for total bulky DNA adduct levels (Binkova 
et al.  2007 ). Rubes et al. showed for the fi rst time that men who are homozygous 
null for  GSTM1  exhibit increased susceptibility to sperm DNA damage associated 
with exposure to air pollutants (Rubes et al.  2007 ). In another study, DNA fragmen-
tation index in mature spermatozoa increased after B[a]P exposure and was modu-
lated by a polymorphism in metabolic ( CYP1A1MspI ,  GSTM1 ) and DNA repair 
genes ( XRCC1 ,  XPD6 ,  XPD23 ) (Rubes et al.  2010 ). In a study by Novotna et al. that 
used the comet assay to analyze genetic damage in city policemen and controls, 
regression analysis revealed the infl uence of genetic polymorphism in  CYP1A1 , 
 MTHFR ,  MS  and  p53  genes on the level of oxidative and unspecifi ed DNA damage 
(Novotna et al.  2007 ). The frequency of stable chromosome aberrations analyzed by 
the FISH technique was modifi ed by genetic polymorphisms in  CYP1A1*2C , 
 GSTP1 ,  EPHX1 ,  p53  and  MTHFR  genes (Sram et al.  2007a ). 

 In the last couple of years genome-wide association studies (GWAS) showed that 
many common genetic variants of small, additive effect (McHale et al.  2010 ) located 
both in genes and regulatory elements probably play a decisive role in the overall 
susceptibility of the organism to negative effects of xenobiotics. Thus, nowadays, 
studies focusing on a small number of SNPs in pre-selected genes are not regarded 
as suffi cient to address the role of genetic susceptibility to e.g. exposure to xenobi-
otics or to a certain disease; the research in this fi eld has shifted towards large stud-
ies that analyze SNPs in thousands of samples using genome-wide approaches 
(Evangelou and Ioannidis  2013 ).  

7.2.4     Omics Biomarkers 

 The central dogma of molecular biology that states: “DNA makes RNA makes pro-
tein” describes the principle of gene expression. It was formulated by Nobel Prize 
winner Francis Crick in 1970. The central dogma says “how?” the genetic informa-
tion fl ows, but does not answer the question “how many?”, i.e. how many RNAs and 
proteins are produced during gene expression. For this reason it is important to 
study the regulatory elements that control intensity of transcription by DNA meth-
ylation and intensity of translation by microRNAs binding to the target 
messenger RNA. 

 Technical progress and new technologies that became available in the last couple 
of years made sophisticated genomic methods accessible for a large number of labo-
ratories. As a result, many analyses that would not been possible in the past became 
a regular part of laboratory routine. Therefore, in the following paragraphs we will 
focus on new, omics biomarkers: mRNA expression, DNA methylation and miRNA 
expression. It should be noted that other omics biomarkers exist (e.g. metabolomics 
and proteomics markers) but they will not be discussed in this text. 
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7.2.4.1    mRNA Expression 

 Although the effect of air pollutants on humans may be monitored by the analysis 
of mRNA expression of individual selected genes (Rossner et al.  2011b ), the current 
trend is to use transcriptomics as a tool for studying genome-wide responses of the 
organism to environmental exposures (Wild et al.  2013 ). It has been concluded that 
transcriptome is a dynamic entity that is highly responsive to environmental expo-
sures (Wild et al.  2013 ). 

 Most of the studies analyzing transcriptome changes in exposed subjects use 
peripheral blood cells. During the last ten years a number of authors reported the 
effect of air pollutants on global mRNA expression, but a vast majority of them 
focused on occupational exposures or tobacco smoking (reviewed in Wild et al. 
 2013 ). Exposure to benzene (Forrest et al.  2005 ; McHale et al.  2009 ), metal fumes 
(Wang et al.  2005 ) and diesel exhaust (Peretz et al.  2007 ) resulted in differential 
expression of a large number of genes. Studies on the impact of tobacco smoking 
showed that it is possible to distinguish between subjects exposed and unexposed to 
tobacco smoke on the basis of transcriptome (Lampe et al.  2004 ; van Leeuwen et al. 
 2008a ; Wright et al.  2012 ). 

 However, studies of the effects of environmental pollutants on gene expression 
profi les are scarce (van Leeuwen et al.  2006 ,  2008b ; De Coster et al.  2013 ). In two 
such studies, higher exposure to air pollutants, which included c-PAHs, was associ-
ated with an increased number of deregulated genes (van Leeuwen et al.  2006 , 
 2008b ). In the study by De Coster et al. a signifi cant correlation between gene 
expression modulation and excretion of 1-hydroxypyrene, a marker of PAH expo-
sure, was found (De Coster et al.  2013 ). In none of these studies detail information 
from personal monitoring on exposure to environmental pollutants was provided. In 
addition, these studies were small and included a maximum of 71 subjects from 
both genders (van Leeuwen et al.  2008a ). 

 Recently, global gene expression analysis in a group of total 312 exposed sub-
jects and 154 controls was conducted with the aim to characterize molecular 
response of the organism exposed to heavy air pollution (Rossner et al.  2014b ). To 
control for the seasonal variability the samples were collected repeatedly in three 
different seasons. The exposed group originated from the Ostrava region, a location 
in the Northeastern part of the Czech Republic that is affected by very high concen-
trations of air pollutants, particularly c-PAHs. The Ostrava region is one of the most 
polluted parts of the European Union. A combination of geographical and 
 meteorological conditions (a valley affected by frequent atmospheric inversions), 
heavy industry and the fact that industrial production exists in the region continually 
for almost three centuries creates a specifi c situation suitable for research on envi-
ronmental air pollution and human health. Given these characteristics a higher num-
ber of differentially expressed genes was expected to be found in subjects living in 
the polluted region. The rationale behind this hypothesis was that the protection of 
the organism against deleterious effects of air pollution would require greater 
changes in the transcriptome than in the control subjects. Unexpectedly, despite 
lower concentrations of air pollutants a higher number of dysregulated genes and 
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affected KEGG pathways was found in subjects from the control region. In both 
locations differences between seasons were observed. The quantitative real-time 
PCR (qRT- PCR) analysis showed a signifi cant decrease in expression of  APEX , 
 ATM ,  FAS ,  GSTM1 ,  IL1B  and  RAD21  in subjects from Ostrava, in a comparison of 
winter and summer seasons. In the control subjects, an increase in gene expression 
was observed for  GADD45A  and  PTGS2 . The authors conclude that high concentra-
tions of pollutants in Ostrava do not increase the number of deregulated genes. This 
may be explained by adaption of humans to chronic exposure to air pollution. To 
further explain this phenomenon analyses focused on regulation of mRNA expres-
sion are necessary.  

7.2.4.2    DNA Methylation 

 Methylation of cytosine ring at position 5 in CpG sites of DNA leading to formation 
of 5-methyl-cytosine (5-mC) is an important event in epigenetic changes of cells 
linked to the control of gene function (Hayatsu  2008 ). Studies on nuclear DNA 
methylation changes in white blood cells are rapidly emerging, and thus methyla-
tion profi les can serve as a useful biomarker. Molecular epidemiological studies 
have reported associations between global methylation and several different cancers 
as well as selected factors including age, gender, race, various environmental expo-
sures or life style factors (Terry et al.  2011 ). 

 The level of DNA methylation and changes of methylation profi les can be identi-
fi ed by various methods (Fraga and Esteller  2002 ; Laird  2010 ), some of which pro-
vide quantitative information about global DNA methylation, while others render 
qualitative data about gene-specifi c DNA methylation. Global DNA methylation is 
most commonly quantifi ed by analyses of highly repetitive sequences like long 
interspersed nucleotide elements (LINE, e.g. LINE-1), short interspersed nucleotide 
elements (SINE, e.g. Alu), and pericentromeric satellites (Sat2). For gene-specifi c 
methylation, e.g., array methodologies, including the Illumina Infi nium Human 
Methylation 450 K BeadChips interrogating <485,000 CpG sites at single- nucleotide 
resolution, may be used (Sandoval et al.  2011 ). The most advanced technology, 
Whole-Genome Bisulfi te Sequencing by Next Generation Sequencing that uses 
bisulfi te treatment combined with high-throughput sequencing is today a top of 
methodology approaches which allow obtaining both global and gene specifi c pic-
ture of DNA methylome, but due to the price, this method is not used routinely yet. 
Generally, obtained data can vary by assay types according to their focus on various 
CpG sites in the genome (Wu et al.  2012 ; Flom et al.  2011 ). Moreover, the type of 
tissue, even different blood cell types can affect global methylation profi le, which 
underlines the functional signifi cance of methylation (Wu et al.  2011 ; De Bustos 
et al.  2009 ). 

 Currently, there is evidence that DNA methylation in both adults and children is 
infl uenced by exposure to environmental pollutants (Terry et al.  2011 ; Baccarelli 
and Bollati  2009 ; Bollati and Baccarelli  2010 ; De Prins et al.  2013 ). Several studies 
suggested that exposure to metals can affect the epigenome (Cheng et al.  2012 ). 
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Other study found an inverse correlation between global DNA methylation of Alu, 
but not of LINE-1 repeated elements, and plasma levels of persistent organic pollut-
ants (POPs) (Rusiecki et al.  2008 ). Furthermore, a study focused on the changes in 
DNA methylation patterns in subjects exposed to low doses of benzene showed an 
association with decreased methylation of LINE-1 and Alu sequences (Bollati et al. 
 2007 ). Long-term exposure to PM10 was inversely correlated with methylation in 
above mentioned repeated elements and demethylation within the promoter of 
inducible nitric oxide synthase gene ( iNOS ) (Tarantini et al.  2009 ).  iNOS  methyla-
tion was also decreased after acute exposure to PM2.5 (Madrigano et al.  2012 ). 
PM10 and PM2.5 exposure have recently been associated with hypomethylation of 
selected tandem repeats in Beijing, China study groups (Guo et al.  2014 ). Differences 
in methylation pattern in children from two regions with various levels of air pollu-
tion have recently been analyzed by using the Human Methylation 27 K BeadChips 
(precursor of 450 K BeadChips) (Rossnerova et al.  2013 ). 

 Furthermore, there is a evidence that altered DNA methylation is an important 
epigenetic mechanism in prenatal programming and that developmental periods are 
sensitive to environmental stressors. A recent study showed a lower degree of pla-
cental global DNA methylation in association with exposure to particulate air pol-
lution in early pregnancy (Janssen et al.  2013 ). Results of another study that followed 
non-smoking women during pregnancy suggested that prenatal air polycyclic aro-
matic hydrocarbons (PAH) exposure was associated with lower global methylation 
in umbilical cord blood cells and confi rmed that global methylation levels were 
positively associated with the presence of detectable DNA adducts in cord blood 
(Herbstman et al.  2012 ). Moreover, a set of genes,  AHRR  (aryl hydrocarbon recep-
tor repressor),  CYP1A1  (cytochrome P450 1A1), and  GFI1  (growth factor indepen-
dent 1 transcription repressor), with methylation differences present at birth in 
children whose mothers smoked during pregnancy were each identifi ed by Infi nium 
Illumina Methylation 450 K arrays (Joubert et al.  2012 ).  

7.2.4.3    microRNA Expression 

 microRNAs are RNA molecules that have been intensively studied in the last few 
years. The fi rst miRNA, named lin-4, was discovered by Victor Ambros in 
 Caenorhabditis elegans  in 1993 (Lee et al.  1993 ). The latest miRBase database 
[  http://www.mirbase.org/    , release (v20, June 2013)] contains 24,521 miRNAs iden-
tifi ed in 206 various species processed to produce 30,424 mature miRNA products. 
miRNAs are a class of small (19–25 nucleotides) non-coding RNAs with important 
role in regulation of gene expression by binding to a target mRNA (Ambros  2004 ). 
Various analytical methods like qRT-PCR, Northern blot, microarray or sequencing 
are used for validation of miRNAs and identifi cation of most altered of them. Mice, 
rats, and human tissues as well as a various human cell lines are prevalently used in 
research. Commonly used sources of human samples for this type of analysis are 
mainly cancer tissues, bronchial tissue, placental cells or peripheral blood lympho-
cytes. Alternatively, urine or plasma are used for miRNAs profi ling, due to the fact, that 
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cells-derived microvesicules containing miRNAs are released into the plasma and 
transfer miRNAs between tissues (Bollati et al.  2015 ). Since signifi cantly different 
miRNA profi les can be assigned to various types of tumors, miRNAs became 
important diagnostic, prognostics and therapeutics markers of various types of can-
cer (Berger and Reiser  2013 ). Moreover, specifi c miRNAs are associated with vari-
ous diseases including pulmonary diseases, such as asthma (Sessa and Hata  2013 ). 
The changes of miRNA expression became an established mechanism by which 
chemical carcinogens induce alterations in target cells (Izzotti and Pulliero  2014 ). 

 The important evidence that miRNAs expression is altered by exposure to car-
cinogens in healthy organisms was obtained in rodents exposed to cigarette smoke 
(Izzotti et al.  2009a ). In another study, a 1 month exposure of mice to cigarette 
smoke was followed by physiological miRNA expression after 1 week of smoking 
cessation in comparison with mice that were exposed for 4 months, where alteration 
of miRNA persisted and resulted in the irreversible loss-of-function of miRNA-base 
suppression of the expression of oncogenes (Izzotti et al.  2009b ; Izzotti et al.  2011 ). 
An in vitro study indicated that exposure to maternal cigarette smoke during preg-
nancy is associated with downregulation of miR-16, −21 and –146a (Maccani et al. 
 2010 ). Interestingly, miRNAs were 5.67-fold more sensitive than DNA to the for-
mation of adducts induced by exposure to cigarette smoke (Izzotti and Pulliero 
 2014 ). Another study shows association between specifi c miRNAs (miR-1, −9, −21, 
−126, −135a, −146a, −155, and −222) and exposure to ambient particulate matter 
(PM) in a group of elderly males (Fossati et al.  2014 ). The analysis of the miRNA 
expression profi les in benzo[a]pyrene (B[a]P)-treated mice revealed the downregu-
lation of miR-122, −142-5p and −150 and the upregulation of miR-29b, −34b-5p 
and 34c expression (Halappanavar et al.  2011 ). Other researchers reported associa-
tions between overexpression of miR-638 in connection with B[a]P-induced DNA 
damage (Li et al.  2012 ). Also association between other airborne carcinogens like 
diesel exhaust particles, volatile organic compounds, black carbon dust, 
dimethylbenz[a]anthracene, asbestos or radon and miRNAs were published (Izzotti 
and Pulliero  2014 ).    

7.3     Conclusions 

 All discussed studies indicate that bulky DNA adduct levels, the comet assay and 
analyses of DNA fragmentation in the sperm may be considered sensitive biomark-
ers of exposure to c-PAHs in polluted air. Stable chromosomal aberrations and 
unstable chromosomal aberrations measured as frequencies of micronuclei, as well 
as markers of oxidative damage to DNA and lipid peroxidation can be recommended 
as reliable biomarkers of effect. However, under specifi c circumstances, the expo-
sure to environmental pollution may not be refl ected on the level of biomarkers. 
These circumstances are not fully understood yet, but it seems that chronic exposure 
to intermediate levels of air pollutants and subsequent adaptation of the organism to 
environmental pollution may play a role. Moreover, to fully understand the 
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environment- organism relationship it is important to simultaneously identify the 
gene susceptibility, especially the genetic polymorphisms of metabolic genes and 
genes encoding DNA repair enzymes. It should be also taken into account that DNA 
damage may be further affected by life style factors as smoking, environmental 
tobacco smoke exposure, dietary intake of vitamins (e.g. A, C, E, folic acid), or 
oxidative damage associated with lipid metabolism (triglycerides, cholesterol, 
HDL, LDL). It is therefore pertinent to analyze all these endpoints in the biological 
material in the course of molecular epidemiology studies. 

 Studies in the Czech Republic suggest that exposure to air pollution exceeding 
B[a]P concentrations of 1 ng/m 3  represent a risk for DNA damage as indicated by 
the increase in levels of bulky DNA adducts, the increase of the frequency of stable 
translocations and micronuclei as well as the increase of DNA fragmentation in the 
mature sperm. It should be noted, though, that when using biomarkers of exposure 
and effect, the dose-response effect is detectable only in a certain range of concen-
trations of xenobiotics; for B[a]P the limit is probably around 10 ng B[a]P/m 3 . 

 New perspectives may be seen in using the omics techniques, e.g. studying 
mRNA expression as well as regulatory processes, including DNA methylation and 
miRNA profi les. The ultimate direction in biomarker research should be the appli-
cation of proteomics. 

 Summing up, molecular epidemiology studies on environmental exposures to 
c-PAHs and other airborne carcinogens should be planned as very complex exer-
cises: they should include determination of personal exposure, analyses of damage 
to DNA and other macromolecules, assessment of gene susceptibility and life style 
factors. If planned in this way they have a potential to bring new results, which may 
specify new information important for proper evaluation of human health risk asso-
ciated with c-PAHs and other airborne carcinogens exposure.    
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    Chapter 8   
 Diabetes and Metabolic Syndrome 

             Xiaoquan     Rao*    ,     Cuiqing     Liu*    , and     Sanjay     Rajagopalan    

8.1            Introduction 

 The International Diabetes Federation estimates that in the year of 2013, at least 
371 million people have suffered from diabetes mellitus (DM), a number that is 
expected to reach 566 million by the year 2030. Over four million people died in 
2012 as a consequence of suffering from diabetes and $471 billion were spent due 
to diabetes in 2012 alone. Thus, diabetes represents an uncontrolled global  epidemic 
and is a leading cause of global morbidity and mortality (  http://www.idf.org/fact-
sheets/diabetes-cvd    ). Scientifi c efforts over the last several decades have been 
focused primarily on factors such as inactivity and diet. Although genetic factors are 
thought to play an important role, at least on the basis of genome-wide association 
studies, few candidate genes have emerged that would help explain the relatively 
high population prevalence of this condition today (Murea et al.  2012 ). Based on 
these fi ndings one may conclude that either, non-genetic (predominantly environ-
mental) factors may be important or the interaction of common genetic variants 
with pervasive environmental factors may ultimately help explain predisposition 
(Sears and Genuis  2012 ). 

 Air pollution due to outdoor and household sources represent major risk factors 
for chronic disease due to continued need for fossil fuels. The recent global burden 
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of disease (GBD) document provides evidence to support an important impact of 
air-pollution in global morbidity and mortality (Rajagopalan and Brook  2012 ). 
While this work represents the best estimate of the impact of risk factors such as 
air-pollution on human health, there is evidence that the cumulative burden and 
impact of air pollution may be much more profound (Rajagopalan and Brook  2012 ). 
One of the reasons for this is that air-pollution may also predispose to other risk 
factors such as hypertension and diabetes, which in turn may have direct effects of 
morbidity and mortality. Thus, through both direct effects on human health as well 
as through their impact on these risk factors, air pollution may have a much larger 
impact than previously recognized. This chapter will mainly discuss: (1) 
Epidemiology of air pollution-associated diabetes/metabolic syndromes; (2) 
Pathological studies on organ systems that provide insights into air pollution- 
mediated diabetes/metabolic syndromes; (3) Potential signaling molecules/recep-
tors involved in the pathogenesis of air-pollution mediated diabetes/metabolic 
syndromes; and (4) Summary and future directions. In this study the majority of 
references are to type 2 diabetes (Type 2 DM) unless otherwise specifi ed.  

8.2     Epidemiology of Outdoor Air Pollution-Associated 
Diabetes/Metabolics Syndrome 

8.2.1     Studies Linking Air-Pollution with Prevalence 
of Diabetes 

 An interesting question is whether the growing increase in prevalence of diabetes in 
low and middle income countries (4/5 individuals with diabetes now resides in these 
countries) represents the infl uence of pervasive levels of air-pollutants in these 
countries. Based on a World Health Organization (WHO) database that reviewed 
outdoor air pollution data in >1,100 cities in 91 countries, all of the top countries for 
particulate matter (PM) air pollution in the world belong to low and middle income 
areas with rapidly urbanizing populations. The mean annual average value for PM 
<2.5 μg mass (PM 2.5 ) in the top 10 countries was roughly fi vefold higher than the 
U.S. National Ambient Air Quality Standard of 15 μg/m 3  and the WHO standard of 
10 μg/m 3 . Thus, even small associations between air-pollution and diabetes may 
translate into larger numbers given the pervasive nature of air pollutants globally 
(Brook et al.  2010 ). Conversely, even modest reductions in air-pollution may trans-
late into substantial reductions in the prevalence of DM and consequent morbidity 
and mortality secondary to diabetes. An association between particulate matter and/
or traffi c-related air pollutants and type 2 DM has been demonstrated in several 
epidemiological studies (Table  8.1 ). One of the fi rst studies to document an associa-
tion was a study that utilized the Ontario health insurance plan database, to explore 
a potential association between DM prevalence and air pollution (Brook et al.  2008 ). 
The exposure assessment in this study was based on fi eld measurements and land 
use regression models capable of predicting fi ne scale variation of NO 2  levels, as a 
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surrogate for traffi c related air pollution. After adjusting for age, BMI and income, 
a positive relationship between NO 2  exposure and DM prevalence (OR 1.04; 95 % 
CI: 1.00–1.08) was seen in women but not in men. Another cohort study conducted 
by Chen et al suggested that long-term PM 2.5  might contribute to the development 
of diabetes (Chen et al.  2013 ). After adjusting for covariates such as smoking, body 
mass index, physical activity and neighborhood-level household income in Cox pro-
portional hazards models, the adjusted hazard ratio for a 10-ug/m3 increase in PM 2.5  
was 1.11 (95 % CI: 1.02, 1.21) (Chen et al.  2013 ). Pearson et al. conducted a cross- 
sectional ecological study using data obtained from the centers of disease control 
(CDC), in which the relationship between PM 2.5  levels and diabetes prevalence in 
the US was assessed by multivariate regression models (Pearson et al.  2010 ). A 
signifi cant association between PM 2.5  levels and diabetes prevalence was revealed 
after adjustment for multiple co-variates including exclusion of minority popula-
tions that have a high prevalence of DM. One important aspect of the analysis was 
that the fi ndings remained signifi cant even when restricted to counties with 
PM 2.5  < 15 μg/m 3  (annual US EPA limit). This fi nding suggests that the relationship 
seems to extend to levels considered admissible at least from the perspective of 
regulatory standards in effect in the US. In the Danish Diet Cancer and Health 
Cohort, of 57,053 subjects of whom 51,818 were eligible and followed-up for 
9.7 years, NO 2  levels (a surrogate for traffi c related air-pollution) were associated 
with DM on multivariate models adjusted for co-variates (Andersen et al.  2012 ). In 
another cohort study in Europe, comprising of 1,775 women aged from 54 to 
55 years without diabetes, the hazard for diabetes was increased by 15–42 % per 
interquartile range of PM 10  or NO 2  levels (used as a proxy of traffi c-related  exposure) 
over 16 years. The associations remained robust after adjusting for age, body mass 
index, socioeconomic status, and exposure to several non-traffi c-related sources of 
air pollution and persisted when different spatial scales were used to assess expo-
sure (Kramer et al.  2010 ). Sensitivity analyses indicated that women with high 
blood C3c levels (a complement fragment) were more susceptible for PM-related 
risk of diabetes than those with low C3c levels. Interesting results from African 
American women living within the greater Los Angeles area, have also shown an 
association between new onset DM and long-term exposure to NO 2  (IRR 1.25; 
95%CI 1.07–1.46), a metric of traffi c-related pollution (Coogan et al.  2012 ). On the 
other hand, the pooled analyses of the Nurses’ Health Study and the Health 
Professionals’ follow-Up showed less compelling fi ndings at least for traffi c related 
air-pollution (Puett et al.  2011 ). DM incidence was only modestly associated with 
proximity of residence location to roadways while multiple other exposure metrics 
were not signifi cant.
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8.2.2        Studies Linking Air-Pollution with Glycemic Control 
and Insulin Resistance 

 There are a growing number of prospective studies that have demonstrated a link 
between insulin resistance and air-pollution. In a study in Iranian children living in 
cities exposed to extremely high PM 10  levels (averaging rough 150 μg/m 3 ), after 
adjustment for age, gender, body mass index, waist circumference, healthy eating 
index and physical activity, prior 7-day exposure to particulate air pollution was 
associated with insulin resistance and plasma markers of infl ammation (Kelishadi 
et al.  2009 ). In another study conducted in Taiwan, long-term exposure to fi ne 
 particles (mean level ≅ 35 μg/m 3 ) was associated with elevations in HbA1c among 
1,023 elderly individuals (Chuang et al.  2011 ). Recently, a prospective cohort study 
in Beijing also revealed a positive relation between air pollution and insulin resis-
tance measures. The mean level of PM 2.5  in Beijing is 150.6 μg/m 3  and black carbon 
is 7.2 μg/m 3 . An increase of 10 μg/m 3  PM and 1 μg/m 3  black carbon is suffi cient to 
result in a detectable effect on Homeostasis Model Assessment of insulin resistance 
(HOMA-IR) (Sun et al.  2013 ). Importantly, the association remained positive in 
studies with relatively normal or even low levels of air pollution (PM 10  ≅ 21.2 μg/
m 3 ; PM 2.5  ≅ 14 μg/m 3 ). Thiering et al. collected fasting blood samples from 397 
children in two prospective German birth cohort studies. The investigators, demon-
strated an association between air-pollution measures and insulin resistance with a 
per 2SD increase in traffi c-related air pollutant being associated with increases in 
HOMA-IR [increase of 17.0 % with NO 2  (95 % CI 5.0, 30.3); increase of 18.7 % 
with PM 10  (95 % CI 2.9, 36.9)]. Effect estimates for PM 2.5  (22.5 %, 95 % CI 0.9, 
51.5) were elevated, but the difference did not reach statistical signifi cance 
(p = 0.062) (Thiering et al.  2013 ). Brook et al. conducted a sub-acute ambient-level 
exposure prospective cohort study on 25 healthy adults for fi ve consecutive days of 
daily 4–5-h long ambient air pollution exposure. HOMA-IR was measured at three 
time points: 7 days prior to exposure, on the last exposure-day and 7 days after 
completion. A 10 μg/m 3  increase in sub-acute PM 2.5  exposure was associated with 
increased HOMA-IR [β = +0.7, 95 % confi dence interval (CI) 0.1–1.3; p = 0.023], 
suggesting that even low levels of PM 2.5  (mean level ≅ 11.5 μg/m 3 ) may reduce 
 metabolic insulin sensitivity (Brook et al.  2013a ).  

8.2.3     Studies Linking Air Pollution and DM Morbidity/
Mortality 

 There are relatively few studied that have examined the relationship between air 
 pollution and diabetes-associated mortality. In a study in the Boston area, residents 
participating in multiple pharmaceutical studies that were pooled together, 6-day 
moving averages of four particle metrics (PM 2.5 , particle number, black  carbon, 
and sulfates) were associated with decreased vascular reactivity among patients 
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with diabetes but not those without diabetes (O’Neill et al.  2005 ). Interquartile range 
increases in sulfate were associated with decreased fl ow-mediated dilation and nitro-
glycerin-mediated vascular reactivity among those with diabetes. Black carbon 
increases were associated with decreased fl ow-mediated vascular reactivity, and 
PM 2.5  was associated with reduced nitroglycerin-mediated reactivity. The effects of 
air-pollutants were stronger in type 2 DM than type I diabetes (O’Neill et al.  2005 ). 
Brook et al. found long term-exposure to PM 2.5 , even at low levels, is related to an 
increased risk of mortality attributable to diabetes. These authors  evaluated 2.1 million 
adults from the 1991 Canadian census mortality follow-up study. An increase in risk 
for diabetes-related mortality (HR, 1.49; 95 % CI, 1.37–1.62) was associated with a 
10 μg/m 3  elevation in PM 2.5  exposure in fully adjusted Cox proportional hazards 
survival models (Brook et al.  2013b ). Raaschou-Nielsen et al. followed up 52,061 
participants in the Danish Diet, Cancer and Health cohort for diabetes-related mor-
tality and traced their residential addresses since 1971. Mean levels of NO 2 , an 
indicator of traffi c-related air pollution, were signifi cantly associated with mortality 
of diabetes. Exposure to NO 2  above 19.4 μg/m 3  was associated with a mortality-
rate ratio of 2.15 (95 % CI 1.21, 3.83) per 10 μg/m 3  NO 2  after adjustment for poten-
tial confounders (Raaschou-Nielsen et al.  2013 ). A study conducted in Montreal, 
Quebec, among persons 65 years of age and older between 1990 and 2003 to assess 
daily mortality change associated with air pollution found a positive association 
among people having diabetes and total mortality (mean  percent change in daily 
mortality = 3.45 with air pollution) (Goldberg et al.  2013 ). 

 In summary, these studies demonstrate a link between air-pollution exposure and 
susceptibility to Type II DM as well as diabetes-associated mortality. The varying 
associations noted between studies may be related to a range of factors that may 
differ across and within studies. These include differences in population character-
istics, risk factors, individual susceptibilities, robustness of the cohort data and the 
absolute prevalence/incidence rates of DM, technical aspects of the exposure assess-
ment methodologies, pollution types/sources, and the degree and duration of air- 
pollution exposures. The sex-specifi c differences in some of these studies may 
relate to differences in biologic susceptibility.   

8.3     Insights from Studies on Organ Systems in Air  Pollution- 
Mediated Diabetes/Metabolic Syndrome 

 In addition to epidemiologic evidence, a variety of animal studies also confi rmed 
the role of air-pollution in insulin resistance and diabetes (Table  8.2 ). The prevailing 
view of DM as a consequence of inadequate synthesis of the peptide insulin has now 
been replaced by a highly complex view, where there are defects in a multitude of 
organ systems that are all concerned with the regulation of glucose and in the inter-
pretation of insulin action. Glucose homeostasis is achieved through a balance of 
input (e.g., dietary, gluconeogenesis) and tissue uptake/utilization coordinated by 
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   Table 8.2    Associations between air pollutants and insulin resistance in mice in last 5 years   

 Duration  Models 
 Main 
pollutants  Principal fi ndings  Publish year 

 24 weeks  C57BL/6 
mice on 
HFD 

 *PM 2.5  
(72.7 μg/m 3 ) 

 PM 2.5  exposed mice have 
exaggerated systemic 
infl ammation, enlarged adipose 
tissue and increased whole-body 
insulin resistance 

 2009 (Sun 
et al.  2009 ) 

 10 weeks  C57BL/6 
mice 

 *PM 2.5  
(74.6 μg/m 3 ) 

 PM 2.5  exposure induces both 
oxidative stress and ER stress in 
mouse lung and liver tissues 
through PERK/eIF2α/ATF6/
IRE1α-mediated UPR pathway 

 2010 (Laing 
et al.  2010 ) 

 10 weeks  C57BL/6 
& p47 
(phox−/−) 
mice on 
HFD or 
NCD 

 *PM 2.5  
(111.0 μg/m 3 ) 

 PM 2.5  increases fat content, 
macrophage infi ltration in adipose 
tissue and vascular function in 
young mice. P47 (phox) 
defi ciency improves insulin 
resistance in response to PM 2.5.  

 2010 (Xu 
et al.  2010 ) 

 10 months  C57BL/6 
mice 

 *PM 2.5  
(94.4 μg/m 3 ) 

 PM 2.5  induces IR in adipose tissue, 
liver and skeletal muscle possibly 
through increased cytokine, 
mitochondrial alteration, oxidation 
and decreased Akt 
phosphorylation 

 2011 (Xu 
et al.  2011a ) 

 2 months  ApoE−/− 
mice 

 *PM 2.5  
(96.89 μg/m3) 

 PM 2.5  resulted in an increase of 
superoxide production and 
decreases of mitochondrial 
number and UCP1 expression in 
WAT and BAT. WAT-specifi c 
genes and BAT-specifi c genes are 
also abnormal 

 2011 (Xu 
et al.  2011b ) 

 3 or 
10 weeks 

 C57BL/6 
mice 

 *PM 2.5  
(74.6 μg/m 3 ) 

 PM 2 . 5  induces a NASH-like 
phenotype and impairs hepatic 
glucose metabolism after 
10 weeks exposure 

 2013 (Zheng 
et al.  2013 ) 

 17 weeks  C57BL/6 
& 
CCR2−/− 
mice on 
HFD 

 *PM 2.5  
(116.9 μg/m 3 ) 

 PM 2 . 5  exposure increase whole 
body IR and hepatic lip 
accumulation. CCR2−/− partially 
rescued the effect of PM 2.5.  

 2013 (Liu 
et al.  2013b ) 

 10 months  C57BL/6 
mice 

 *PM 2.5  
(94.4 μg/m 3 ) 

 PM 2 . 5  induces macrophage 
infi ltration, unfolded protein 
response, and lipid deposition in 
white adipose tissue 

 2013 
(Mendez 
et al.  2013 ) 

   *PM   2.5   concentrated particulate matter compared to ambient air with diameter < 2.5 μm,  HFD  
high-fat diet,  NCD  normal chow diet,  CCR2  C-C chemokine receptor type 2,  NASH  non-alcoholic 
steatohepatitis,  WAT  white adipose tissue,  BAT  brown adipose tissue,  HOMA-IR  homeostasis 
model assessment of insulin resistance,  ER  endoplasmic reticulum,  UPR  unfolded protein 
response,  IR  insulin resistance  

X. Rao et al.



221

the production of insulin by the beta cell (Saltiel and Kahn  2001 ; Taniguchi et al. 
 2006 ; Qatanani and Lazar  2007 ). Three target tissues are of primal importance with 
regards to the effects of insulin: fat, liver, and skeletal muscle (Saltiel and Kahn 
 2001 ). These organs represent the ability of the body to store, produce, and dispose 
glucose respectively with the interaction of these sites synergistically required for 
glucose homeostasis. As the major sites where insulin executes its metabolic action, 
these organs are also the primary determinants of insulin resistance (Qatanani and 
Lazar  2007 ; Kahn and Flier  2000 ; Shulman  2000 ). However, insulin resistance in 
each organ manifests itself clinically in very different ways, although they share the 
base effect of insulin action. For example, hepatic insulin resistance is responsible 
for elevated hyperglycemia, due to the inability of insulin to suppress hepatic gluco-
neogenesis while lipid biosynthesis remains intact (Brown and Goldstein  2008 ). In 
contrast, insulin resistance in adipose tissue and skeletal muscle manifests as ele-
vated lipolysis and glucose intolerance, respectively, resulting in hyperlipidemia, 
hyperglycemia, and compensatory hyperinsulinemia (Kahn and Flier  2000 ; Shulman 
 2000 ). With increasing insulin resistance in the liver and skeletal muscle, blood 
glucose concentrations progressively rise, which, in turn, leads to compensatory and 
progressive hyperinsulinemia. This eventually leads to β-cell exhaustion, an inabil-
ity to synthesize insulin and fl orid type 2 DM (Kahn and Flier  2000 ; Shulman  2000 ). 
Consistent with this temporal progression of type 2 DM, the onset of frank DM is 
preceded by years or even decades when glucose control is more or less maintained 
with HbA1c within normal limits. During this phase however, abnormalities in 
 glucose in response to a meal (impaired glucose tolerance, IGT) or fasting abnor-
malities in glucose may be evident (impaired fasting glucose, IFG). Considerable 
effort has been expended over the last decade to defi ne the mechanisms and origins 
of IR. These determinants can be classifi ed broadly into intrinsic and extrinsic 
 factors. Generally speaking, cell-intrinsic factors include ER stress, oxidative stress, 
mitochondrial dysfunction, intracellular lipid deposition/imbalance, and anabolic 
demand. In contrast, extrinsic factors modulating peripheral insulin signaling 
 comprise alterations in circulating infl ammatory cytokines, adipokines and serum 
fatty acid composition (Qatanani and Lazar  2007 ). Despite their biological diver-
sity, a striking majority of these determinants converge on the common pathway of 
infl ammation. For instance, infl ammatory cytokines, saturated fatty acids, hypoxia, 
and ER stress converge on inhibitor of nuclear factor-κB (NF-κB), kinase-β (IKKβ), 
and Jun kinase (JNK). Those pathways directly inhibit insulin action via serine 
phosphorylation of insulin receptor substrate 1 and 2 (IRS-1 and IRS-2). Moreover, 
activation of NF-κB and AP-1 transcription factors by these kinases further induces 
transcription of infl ammatory cytokines and establishes an autocrine/paracrine 
feed-forward loop of infl ammation. Thus metabolic infl ammation functions as a 
common pathway that drives insulin resistance. The emerging view of air-pollution 
is that it functions as a risk factor that promotes infl ammation and in this sense may 
function similar to other risk factors such as high-calorie diets, physical inactivity 
etc. In the following paragraphs we will review the evidence linking infl ammation 
in response to exposure as a potential causal mechanism linking air-pollution 
 exposure with T2DM.

8 Diabetes and Metabolic Syndrome



222

8.3.1       Visceral Adipose Tissue (VAT) Infl ammation 
and Oxidative Stress 

 Macrophages function as sentinels of the innate immune system, and are  responsible 
for sensing, integrating, and responding to a multitude of stimuli in their external 
environment. Macrophage exhibit two distinct response patterns designated as 
 classical (M1) and alternative (M2) activation (Gordon  2003 ). Classically activated 
M1 macrophages are short-lived, highly infl ammatory and have potent bactericidal 
potential, whereas alternatively activated M2 cells are associated with enduring and 
regulatory/reparative responses (Martinez et al.  2009 ; Odegaard and Chawla  2011 ). 
M1 cells secrete large amounts of pro-infl ammatory cytokines (e.g., IL-1β, IL-6, 
IL-12, TNFα), express high level of costimulatory molecules that are important in 
T-cell activation (e.g., MHC, CD40, CD86), and produce bactericidal mediators, 
such as nitric oxide, via iNOS. Conversely, M2 macrophages have a distinct secretory 
phenotype (e.g., IL-10, TGFβ,), express numerous pattern recognition receptors 
(e.g., mannose receptor, dectin, CD301), and metabolize arginine to produce 
 biosynthetic precursors (e.g., polyamines, proline) via arginase 1. Type 2 DM in 
humans and animal models is associated with increased levels of recruitment and/or 
activation of innate immune cells in visceral adipose depots. In an important study 
by Sun et al, exposure to concentrated airborne particulates (CAP, primarily PM 2.5 ) 
using a versatile aerosol concentration enrichment system (VACES) in conjunction 
with high-fat diet (HFD) was evaluated in C57Bl/6 mice for duration of 128 days. 
The mice were pre-fed with HFD for 10 weeks prior to exposure. Exposure to 
CAP resulted in an increase in adipose tissue macrophages with a shift to a pro- 
infl ammatory phenotype characterized by an increase of total macrophages in the 
visceral adipose and a pro-infl ammatory “M1 phenotype” typifi ed by TNFα, IL-6 
and a decrease in IL-10, MgI1 gene expression (Sun et al.  2009 ). In mechanistic 
experiments in the same study, conducted to understand whether, the increase in 
adipose tissue macrophages, represents a consequence of increased recruitment, the 
effects of intra-tracheally delivered PM 2.5  was studied in a transgenic model of 
yellow- fl uorescent protein expression restricted to monocytes ( c-fms   YFP  ). These 
mice were fed high-fat diet to induce insulin resistance and under these circum-
stances, PM 2.5  exposure resulted in a doubling in the number of endothelial adherent 
YFP +  cells in mesenteric fat with a sixfold increase in monocytes within adipose 
(Sun et al.  2009 ). Thus PM 2.5  facilitated migration and adhesion of YFP +  cells into 
fat depots. In subsequent experiments Xu et al investigated the effects of early expo-
sure to PM 2.5  exposure (at age of 3 weeks) on development of insulin resistance and 
compared and contrasted the effects of both normal diet (ND) and high-fat diet 
(HFD) administered in conjunction with PM 2.5  exposure. PM 2.5  exposure resulted in 
signifi cant increase in glucose levels in mice on ND by an intraperitoneal glucose 
tolerance test (Xu et al.  2011a ). PM 2.5  exposure in ND-fed mice led to elevations in 
homeostasis model assessment index-insulin resistance (HOMA-IR) and TNF-α 
compared with the FA-exposed mice (Xu et al.  2011a ). HFD (regardless of FA or 
PM 2.5  exposure) signifi cantly increased HOMA-IR and TNF-α. Adipocyte size was 
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increased in the PM 2.5 -exposed mice fed an ND in both visceral fat (FA, 2,137 ± 45 μm 2 ; 
PM 2.5 , 2,698 ± 80 μm 2 ; P < 0.01) and subcutaneous fat (FA, 1,039 ± 27 μm 2 ; PM 2.5 , 
1,355 ± 30 μm 2 ; P < 0.05) with corresponding increases in visceral fat content with 
PM 2.5  exposure in the ND group. The increase in adipocyte size was extreme in 
the HFD group alone, not permitting assessment of further increase due to PM 2.5  
exposure. In light of the importance of oxidative stress mechanisms in driving 
infl ammation and IR in visceral fat, we tested the concept that one of the major 
sources of reactive oxygen species, the nicotinamide adenine dinucleotide phos-
phate oxidase (NADPH oxidase) system may play a role in the pathogenesis of IR 
in response to PM 2.5  exposure. Age-matched male, wild-type C57BL/6 mice and 
mice defi cient in a critical cytosolic sub-unit (p47phox) of NADPH oxidase 
(p47phox −/− ) were exposed to PM 2.5  or FA. The HOMA-IR index from p47phox −/−  
mice exposed to PM 2.5  was signifi cantly attenuated and comparable to those of the 
mice exposed to FA. Plasma infl ammatory biomarkers in the p47phox −/−  mice and 
the wild-type C57BL/6 mice were similar. Notably, the previously noted difference 
in TNF-α in wild-type C57BL/6 exposed to PM 2.5  compared to FA, was blunted by 
the absence of a functional NADPH oxidase (Xu et al.  2010 ). In both visceral and 
subcutaneous fat of p47phox −/−  mice fed an ND, adipocyte sizes were similar when 
the mice were exposed to PM 2.5  or FA. PM 2.5  exposure alone (normal chow diet) 
resulted in a heightened chemotactic ability of adipose tissue in in-vitro studies (Xu 
et al.  2010 ). A recent study by Mendez also suggested chronic PM 2.5  exposure 
induced macrophage infi ltration and lipid deposition into white adipose tissue con-
sistent with these earlier fi ndings (Mendez et al.  2013 ).  

8.3.2     The Role of Endoplasmic Reticulum (ER) and Oxidative 
Stress in Liver, Lung, and Adipose Tissue 

 Endoplasmic reticulums (ER) stress represents an evolutionarily conserved  pathway 
and is designed to alleviate protein misfolding in response to diverse cellular stressors. 
This pathway is also referred to as the unfolded protein response (UPR) (Walter and 
Ron  2011 ). ER stress has been demonstrated to represent an important pathway that 
may contribute to the pathogenesis of IR in liver and white adipose tissue and may 
represent a pathophysiological mechanism linking PM exposure with insulin 
 resistance. The UPR is known to intersect with a variety of infl ammatory and stress- 
signaling systems such as the NF-κB and c-Jun N-terminal kinase (JNK) pathways 
as well oxidative stress responses, all of which may infl uence lipid and glucose 
metabolism. Further, insights on how ER stress is regulated by PM 2.5  may poten-
tially provide insights into how an inhaled stressor could mediate systemic effects 
via activation of the immune system. ER stress in the lung for instance has been 
demonstrated with several inhaled environmental triggers, like cigarette smoke, 
 diesel exhaust, or allergens, which cause a dysregulation in ER homeostasis (Osorio 
et al.  2013 ). However, there appears to be endogenous mechanisms that prevent 
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activation of this response from inducing deleterious end-organ effects such as 
fi brosis. For instance, recent studies have highlighted the importance of ER stress in 
combination with additional cellular stressors in activation of the innate immune 
response in the lung. Mice expressing a mutated form of surfactant C develop ER 
stress but required an additional trigger to induce fi brosis in the lung suggesting a 
facilitative role of dysfunctional surfactant in induction of ER stress as well as the 
need for additional triggers for activation of infl ammatory response and fi brosis 
(Lawson et al.  2011 ). Laing et al demonstrated that UPR-associated proteins ATF4 
(activating transcription factor 4), heat shock protein (Hsp70), Hsp90, and binding 
immunoglobulin protein (BiP) signifi cantly increase in cultured human bronchial 
epithelial cells exposed to PM 2.5  (Laing et al.  2010 ). GRP94 (glucose regulatory 
peptide 94) and BiP were increased in lungs, liver and white adipose tissue of mice 
(but not aorta and spleen) exposed to concentrated PM 2.5  (Laing et al.  2010 ), indicat-
ing activation of the ATF6 (activating transcription factor 6), a key sensor and regu-
lator of ER stress in these organs (Laing et al.  2010 ). The other 2 key proximate 
sensors of ER stress include IRE1a (Inositol Requiring 1a), PERK (double-stranded 
RNA-activated protein kinase-like ER kinase). Phosphorylation of PERK and eIF2a 
was increased in the liver along with induction of C/EBP homologous transcription 
factor CHOP/GADD153 (Laing et al.  2010 ). The latter is associated with apoptosis 
in the lung and liver. Indeed Laing et al demonstrated evidence of increased apopto-
sis (Laing et al.  2010 ). Mendez et al recently reported that IRE1α is activated in the 
white adipose tissue during chronic exposure to PM 2.5  (Mendez et al.  2013 ). The 
activation of ER stress in adipose tissue may represent a molecular mechanism by 
which air pollutants induce adipocyte hypertrophy and macrophage infi ltration in 
adipose tissue (Mendez et al.  2013 ). The studies by Laing et al also demonstrate a 
critical proximate role for NADPH oxidase in activation of the ER stress response 
(Laing et al.  2010 ). In these studies, cultured cells (RAW264.7) overexpressing 
Mn-SOD or dominant negative N17Rac1 (a cytosolic sub-unit of the macrophage 
NAPDH oxidase) were exposed to in-vitro PM 2.5 . PM 2.5  exposure increased levels of 
phosphorylated eIF2α, CHOP, and GADD34 in the control RAW264.7 cells, while 
these levels were suppressed with cells expressing Mn-SOD or dominant negative 
N17Rac1 indicating that ROS, produced through mitochondrial electron transport 
and/or NADPH oxidase pathways, is critical for the activation of PM 2.5 -induced 
UPR pathway. The factors involved in the ER stress are summarized as Fig.  8.1 .  

 In subsequent experiments, Zheng et al demonstrated that PM 2.5  exposure 
resulted in a non-alcoholic steatohepatitis (NASH)-like phenotype characterized by 
hepatic steatosis, lobular and portal infl ammation, depletion/redistribution of 
 glycogen levels of and perisinusoidal fi brosis in the liver of mice exposed to PM 2.5  
for 10 weeks. Down-regulation of the IRS1-mediated signaling and peroxisome 
proliferator- activated receptor (PPARγ2) expression in the liver was observed with 
these changes being associated with increases in HOMA-IR and elevated glucose 
following IP-GTT challenge (Zheng et al.  2013 ). PM 2.5  exposure led to activation of 
the JNK pathway with elevated levels of phosphorylated JNK in the liver of mice 
exposed to PM 2.5 . In in-vitro studies, PM 2.5  activated AP-1, the downstream transac-
tivator regulating the expression of pro-infl ammatory cytokines under JNK control. 
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Interestingly in this study, inhibition of JNK activation with a chemical JNK 
 inhibitor was not able to overcome enhanced IL-6 expression in response to PM 2.5  
suggesting that other infl ammatory triggers may be involved. Indeed TLR2, TLR4 
expression in the liver was also enhanced concomitant with elevated levels of 
 phosphorylated JNK in the liver of PM 2.5 -exposed mice (Zheng et al.  2013 ). While 
the tissue distributions of the pattern recognition receptors were not discerned in 
this work, it is tempting to speculate that activated monocytes may be the source of 
heightened levels of TLR4 and TLR2. Collectively these studies suggest activation 
of multiple infl ammatory cascades at least in the liver that may contribute to insulin 
resistance. The mechanisms through which infl ammatory recruitment to the liver 
and adipose tissue will be discussed in the section on signaling pathways of 
importance.  
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  Fig. 8.1    ER stress signal pathways involved in air pollution. Inhaled PM 2.5  results in the activation 
of PERK, ATF6, and IRE1α. These three key ER stress pathways subsequently induce the adverse 
effects of air pollution       
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8.3.3     Brown Adipose Tissue (BAT) Dysfunction 

 Mitochondrial dysfunction is a key abnormality in Type 2 DM. Defective fatty acid 
metabolism through β-oxidation in mitochondria results in the accumulation of 
intracellular metabolites such as fatty-acyl CoA diacylglycerol and ceramide in 
both skeletal muscle and liver (Lowell and Shulman  2005 ). Multiple abnormalities 
in mitochondrial rich BAT have been noted in C57BL/6 mice in response to long 
durations (10 months) of PM 2.5  exposure and in ApoE −/−  mice over shorter durations 
(2 months) (Xu et al.  2011a ,  b ). Visible decreases in BAT mass and decreased mito-
chondrial size in BAT depots were observed in long term PM 2.5  exposure compared 
to FA (Xu et al.  2011b ). These changes were accompanied by increased oxidative 
and nitrosative stress in BAT, along with Phase II antioxidant gene induction 
 including NF-E2-related factor 2 (Nrf2), NAD(P)H quinone oxidoreductase 1 and 
glutamate- cysteine ligase modifi er subunit. Long-term PM 2.5  exposure signifi cantly 
decreased the mRNA levels of the brown adipocyte-specifi c genes Ucp1, Prdm16, 
Pgc-1α, and Pparγ2 in the WAT, although no signifi cant differences in C/EBPβ, 
Cidea, Dio2, or Elovl3 between the PM2.5 and FA were noted. PM 2.5  exposure sig-
nifi cantly reduced mRNA levels of Ucp1 and Pgc-1α in BAT, although no signifi -
cant changes in the other brown adipocyte-specifi c genes between the two groups 
(Xu et al.  2011b ). Consistent with the decrease in Ucp1 gene expression, Ucp1 
protein was also reduced in the BAT of PM 2.5  exposed animals (Xu et al.  2011b ). In 
subsequent studies, our group also noted that PM 2.5  exposure decreased O 2  
 consumption and heat production in a genetic KKay diabetic model (unpublished 
observations). Taken together, these data demonstrate that alterations in BAT may 
account for key alterations metabolism in response to PM 2.5  exposure.  

8.3.4     Central Nervous System as an Integrator of Metabolic 
Effects with PM 

 Infl ammation in key regions of the hypothalamus as a mediator of peripheral 
 abnormalities in glucose homeostasis and energy imbalance has been reported by a 
number of groups (Thaler et al.  2013 ; De Souza et al.  2005 ; Zhang et al.  2008 ). 
Thaler et al have reported hypothalamic infl ammatory signaling as evidenced by up 
regulation of IL-6 and nuclear factor κB (NF-κB) very early on (within days) prior 
to substantial weight gain in rodent models of HFD feeding. Furthermore, both 
reactive gliosis and infl ammatory markers suggested neuronal injury in the hypotha-
lamic arcuate nucleus as early as the fi rst week of high-fat feeding (Thaler et al. 
 2012 ). In additional studies with rodent models of diet-induced obesity, increased 
infl ammatory signaling in the mediobasal hypothalamus has been demonstrated and 
appears to play a role in the genesis of peripheral infl ammation and altered energy 
homeostasis (Thaler et al.  2012 ; Posey et al.  2009 ; Ryan et al.  2012 ). Enhanced 
expression and activation of hypothalamic IKKβ/NF-κB in obesity have been 
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reported in both leptin-defi cient ob/ob mice and high fat diet-induced obese animals 
with inhibition of IKKb ameliorating insulin resistance and obesity (Zhang et al. 
 2008 ). Purkayastha et al have demonstrated an important role for ER stress in the 
hypothalamus in the induction of peripheral infl ammation and glucose abnormali-
ties. Obesity-associated metabolic and blood pressure disorders were partially 
reversed by interruption of ER stress with tauroursodeoxycholic acid (TUDCA) 
(Purkayastha et al.  2011 ). These fi ndings may provide potential cues regarding 
 central pathways that may regulate peripheral metabolic dysfunction in response to 
PM 2.5 . However an important initial question pertains to how a trigger like PM may 
permeate the CNS to induce peripheral abnormalities such as infl ammation? 

 Previous experiments from Block et al found that air pollution may cause neuro-
infl ammation, oxidative stress and pathological alterations such as reactive gliosis 
(Block and Calderon-Garciduenas  2009 ). Nakane et al found that particles can be 
directly translocated along the olfactory nerve into the olfactory bulb (Nakane 
 2012 ). Olofsson et al found that PM 2.5  and/or ozone exposure may directly affect 
vagal afferents that may play an important role in regulation of peripheral infl amma-
tory responses (Olofsson et al.  2012 ). Fonken et al demonstrated that long term 
PM 2.5  exposure (over 10 months) resulted in hippocampal infl ammatory cytokine 
expression and impairments in spatial learning memory and behavior (Fonken et al. 
 2011 ). Given the importance of the hypothalamus in energy balance with multiple 
environmental and internal signals serving as cues to trigger the requisite behavioral 
and physiological response to maintain energy homeostasis, it may be reasoned that 
infl ammatory triggers such as PM 2.5  inhalation may result in hypothalamic infl am-
mation and impact peripheral glycemic control, metabolism, and infl ammation. 
Recent experiments from our group in KKay mice, a genetically susceptible mouse 
model of Type II DM, revealed that exposure even over a few weeks is suffi cient to 
induce increases in TNFα and IL-6 and reactive gliosis in the medial basal hypo-
thalamus, suggesting an important role of air pollution in mediating hypothalamic 
infl ammation (unpublished observations). Therefore, the hypothalamus may be 
 particularly vulnerable to environmental signals such as PM 2.5  as the blood brain 
barrier is relatively permeable in this part of the brain. 

 In light of the importance of hypothalamic TNFα in response to high fat diet, we 
additionally hypothesized that this cytokine may play a role in PM 2.5 -mediated 
 insulin resistance and its inhibition may prevent progression of IR in the KKay 
model. However, TNFα blockade did not show any effects on PM 2.5 -induced changes 
in glucose metabolism and energy homeostasis (unpublished observations). 
Inhibition of IKKβ, the enzyme regulating cytokines production, however com-
pletely corrected PM 2.5 -induced alterations (Fig.  8.2 ). These results suggest that 
hypothalamic IKKβ rather than TNFα is critical for PM 2.5 -mediated peripheral 
effects and suggest TNFα-independent pathways as downstream of IKKβ in PM 2.5  
mediated peripheral effects. These fi ndings suggest that peripheral infl ammation in 
response to PM2.5 may represent a result of infl ammatory changes in the CNS and 
mechanistically contribute to the development of metabolic insulin resistance in 
response to air-pollution.    
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8.4     Signaling Pathways of Relevance with Air-Pollution 
Exposure 

8.4.1     Toll-Like Receptors (TLRs) and Nucleotide 
Oligomerization Domain Receptors (NLRs) 
as Particulate Matter Sensors 

 The mechanisms by which PM is sensed initially by the lung and how these signals 
are transduced systemically remain a continuing challenge in the fi eld. While direct 
translocation of particles has been raised as a simple mechanism that may contribute 
to systemic effects, the evidence supporting the direct translocation of PM 2.5  or even 
ultrafi ne particles is slim (Brook et al.  2004 ). On the other hand leachable materials 
present on the surface of PM 2.5  or UFPs such as soluble metals and organics may 
represent pathways whereby inhaled particles may engineer a systemic response. A 
broad encompassing mechanism by which particles may be sensed and could result 
in an infl ammatory response is via pattern recognition receptors (PRRs) (Brook 
et al.  2004 ). The innate immune system recognizes various environmental threats 
such as pathogens and invading antigens through a limited amount of cell surface or 
intracellular receptors that recognize conserved molecular structural motifs or 
 patterns unique to microorganisms and other environment threats. Each PRR can 
bind to a large amount of pathogen specifi c molecules sharing a certain structural 

  Fig. 8.2    Metabolic cage assessment following PM 2.5  exposure and in response to 
Intracerebroventricular (ICV) infusion of IMD-0354 in KKay mice exposed to PM 2.5 . ( a ) After 
ICV infusion of IMD-0354 or DMSO vehicle, the fasting blood glucose and insulin levels were 
determined and HOMA-IR calculated accordingly. ( b ) Energy homeostasis response (O 2  con-
sumption, CO 2  production, respiratory exchanging ratio and heat production) to ICV infusion of 
IMD-0354 in KKay mice exposed to PM 2.5 . * P  < 0.05, *** P  < 0.001 when compared PM-CON 
group with FA-CON group; # P  < 0.05, ## P  < 0.01, ### P  < 0.001 when compared PM-IMD group 
with PM-CON group. n = 7−8 per group (Part of the data were reproduced from Environ Health 
Perspect; DOI:  10.1289/ehp.1306841    )       
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motif. Therefore, a limited number of PRRs can recognize different kinds of 
 pathogens and initiate immune response immediately after encountering pathogens. 
Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-like 
receptors (NLRs), as the most important and best-characterized PRRs, play an 
essential role in pathogen-induced immune response (Lamkanfi  and Kanneganti 
 2010 ; Vandanmagsar et al.  2011 ). As the principal initial cellular sensors to inhaled 
particles, both alveolar macrophage and bronchial epithelial cells have been shown 
to express PRRs such as TLRs and NLRs. TLRs can be directly activated by 
biologic components intrinsic to PM such as LPS and peptides and gaseous co-
pollutants such as ozone (Deiuliis et al.  2011 ; Takeda and Akira  2007 ). Indeed 
 earlier studies have suggested a link between TLR2 and TLR4 polymorphisms and 
susceptibility to air pollution related childhood asthma (Kerkhof et al.  2010 ). 
Components such as LPS as part of coarse PM may play a dominant role in urban-
ized environments in Asia where LPS-rich sources may contribute to air pollutant 
levels. In a recent prospective study in an urban population in Beijing, Sun et al 
reported that LPS binding protein (LBP) is an important predictor for the develop-
ment of Type 2 DM on multivariate analysis after adjustment of most risk factors 
including CRP (Sun et al.  2010 ). Emerging studies suggested that LBP from activa-
tion of the innate immune system may serve as a surrogate for LPS in infl ammatory 
disorders (Takeda and Akira  2007 ; Lepper et al.  2007 ). Shoenfelt et al have  suggested 
that different ambient air particles might use different receptors according to the 
composition of particles. Exposure of macrophages to PM 2.5  that had high levels of 
redox active metals and low levels of endotoxin induced cytokine secretion in a 
TLR2-dependent mechanism. In contrast, exposure to PM 10  that had high levels of 
endotoxin activates macrophage in a TLR4-dependent mechanism. However, fi ne 
and coarse air pollution particles-elicited infl ammatory response shared the same 
downstream signaling pathways, MyD88, despite differential utilization of TLR2 
and TLR4 (Sun et al.  2010 ; Shoenfelt et al.  2009 ). 

 Release of endogenous damage associated molecular patterns (DAMPs) in 
response to PM may represent additional mechanisms for TLR/NLR activation that 
may exacerbate the overactive pathways in obesity/insulin resistance. In a recent 
study, Vandanmagsar et al. demonstrated a key role for lipotoxicity associated 
ceramide accumulation in the pathogenesis of Type 2 DM by activating Nalp3, a 
NLR (Vandanmagsar et al.  2011 ). A number of DAMPs including oxidized 
 phospholipid components (Liu et al.  2013a ) and hyaluronan fragments (Deiuliis 
et al.  2011 ; Kampfrath et al.  2011 ) were shown to be released in response to PM 
and/or gaseous components. Palmitoyl-arachidonyl phosphocholine (PAPC), an 
abundant phospholipid in lung lavage fl uid, activates TLR4 and is implicated in 
diverse lung injury (Imai et al.  2008 ). Release of oxidized PAPC may facilitate 
 chemokine production and activate innate immune response in the lung and subse-
quently mediate effl ux of infl ammatory monocytes from the bone marrow to other 
locations including the lung, visceral adipose tissue or perivascular fat (Kampfrath 
et al.  2011 ). Kampfrath et al demonstrated that PM 2.5  exposure leads to an egress of 
CD11b + , Ly6C hi  infl ammatory monocytes from the bone marrow to circulation and 
to tissue niches such as the peri-vascular fat via circulation (Kampfrath et al.  2011 ). 
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These monocytes then produce excessive superoxide that is involved in dysregulation 
of vascular tone characterized by vasoconstriction. Consistent with these fi ndings, 
defi ciency in TLR4 or the NADPH oxidase sub-unit Nox2 (Nox2 −/− ) ameliorated 
these abnormal vascular responses (Kampfrath et al.  2011 ). Activation of NADPH 
oxidase is required for the increase of superoxide production in PM 2.5  exposure as 
evidenced by increased phosphorylation of the p47 subunit in aortic homogenates in 
PM 2.5  exposed animals which was prevented by TLR4 defi ciency suggesting that 
TLR4 activation was required for NADPH oxidase activation (Kampfrath et al. 
 2011 ). In parallel in-vitro experiments, we also demonstrated that NADPH oxidase 
activation by ox-PAPC in macrophages could be prevented by inhibition of interleu-
kin- 1 receptor-associated kinase (IRAK), suggesting that TLR4 mediated IRAK 
phosphorylation was upstream of NADPH oxidase (Kampfrath et al.  2011 ). Ozone 
a gaseous component of air-pollution exposure in animal models may lead to 
 degradation of hyaluronan and activation of TLR4/MyD88 pathways (Li et al.  2010 , 
 2011 ). These modifi cations of endogenous proteins and phospholipids may 
 circulated systemically and represent secondary mediators that may elicit systemic 
effects in response to air-pollution exposure. Consistent with these experimental 
data, human experiments demonstrate a rather rapid infl ammatory response with 
exposure to both particulates and gaseous pollutants (Balcells et al.  2010 ). 
Ozone exposure for instance has recently been shown to result in an elevation of 
interleukin- 8 and a decrease in plasminogen activator inhibitor-1 at the end of 2-h 
of exposure. There was a 104 % increase in IL-1β and C-reactive protein level 24 h 
after ozone exposure. The investigators also noted a 51.3 % decrease in the high- 
frequency component of heart rate variability, and a 1.2 % increase in QT duration 
compared to pre-exposure levels suggestive of rather rapid autonomic dysfunction 
(Devlin et al.  2012 ). Collectively these changes argue for infl ammatory changes in 
response to both particulate and gaseous constituents with fi ndings consistent with 
possible regulation by neural circuits. Figure  8.3  details our current understanding 
of infl ammatory pathways involved with PM.   

8.4.2     CC-Chemokine Receptor 2 (CCR2) as a Relevant 
Pathway Responsible for Immune Cell Recruitment 

 CCR2 plays a critical role in the entry of innate immune cells into tissues through 
direct interaction with its ligands such as CCL2 (also called MCP-1), CCL7, CCL8 
and CCL12 (Charo and Ransohoff  2006 ; Proudfoot  2002 ). Reduced egress of 
monocytes from systemic reservoirs resulting in a reduction of these cells in the 
circulation and into tissue niches such as VAT was noted in CCR2 −/−  mice (Tsou 
et al.  2007 ). Recent studies have shown that the CCR2/MCP-1 system is not only 
critical to VAT infl ammation but also in the recruitment of macrophages to the liver 
in response to a high-fat diet (Oh et al.  2012 ). Infi ltration of monocytes is enhanced 
in obesity via local tissue cues with a progressive transformation of these cells to a 
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  Fig. 8.3    Hypothesized mechanisms of air pollution-mediated cardiovascular disease. Inhalational 
or nutritional signals either directly or via the generation of signals such as DAMPs may serve to 
activate innate immune mechanisms such as the TLR and NLR.  DAMP  damage-associated molec-
ular pattern,  AP1  activator protein 1,  CARD  caspase activation and recruitment domain,  IKKb  IκB 
kinase b,  IRAK  interleukin receptor- associated kinase,  IRF3  interferon regulatory factor 3,  MAPK  
mitogen-activated protein kinase,  MyD88  myeloid differentiation primary response gene 88, 
 NAFLD  nonalcoholic fatty liver disease,  PAMP  pathogen-associated molecular pattern,  PAPC  
palmitoyl-arachidonyl phosphocholine,  RNS  reactive nitrogen species,  ROS  reactive oxygen spe-
cies,  TAK  transforming growth factor-β- activated kinase,  TBK  TANK-binding kinase 1,  TRAF  
TNF receptor-associated factor,  TRIF  Toll/IL-1 receptor-domain-containing adapter-inducing 
interferon-β,  UCP-1  uncoupling protein-1,  WAT  white adipose tissue (Note: Copyright 2012 
American Diabetes Association; From Diabetes®, Vol. 61, 2012; 3,037–3,045; Reprinted with 
permission from  The American Diabetes Association )       
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CD11c +  status, resulting in a polarization of the local adipose milieu to an M1 state 
from a predominantly M2 state under normal diet conditions (Oh et al.  2012 ; 
Lumeng et al.  2007 ). Consistent with this concept, CCR2 defi ciency attenuates 
 obesity, VAT infl ammation and systemic IR with hematopoietic CCR2 defi ciency 
being essential for improvement (Weisberg et al.  2006 ; Ito et al.  2008 ). Given the 
importance of the CCR2/MCP-1 system in regulating monocyte/macrophage 
 chemotaxis and infl ammation in obesity-induced IR, ablation of CCR-2 ameliorates 
glucose homeostasis and infl ammation in visceral adipose tissue (Tsou et al.  2007 ; 
Weisberg et al.  2006 ; Ito et al.  2008 ). In a recent study by Liu et al, CD11b + Gr-
1 low 7/4 hi  cells, F4/80 + /CD11b +  and F4/80 + /CD11c +  cells in VAT increased in circulation 
in response to PM 2.5  exposure, whereas CCR2 defi ciency markedly reduced immune 
cell numbers in the peripheral circulation and VAT (Liu et al.  2013b ). We noted a 
signifi cantly higher number of CD11c +  cells (absolute numbers) in PM 2.5  exposure 
(Fig.  8.4 ), strongly suggesting that these cells in VAT are a consequence of 
 recruitment rather than polarization of existing cell populations (Liu et al.  2013b ). 
In addition, CCR2 is also involved in PM 2.5 -induced changes in lipid metabolism. 
SREBP1c the transcription factor involved in regulation of fatty acid synthesis and 
triglyceride metabolism was upregulated with PM 2.5  exposure with normalization in 
response to CCR2 defi ciency (Liu et al.  2013b ).  

 Circulating glucose levels refl ect a balance between glucose production and uti-
lization. Accounting for ~80 % of insulin-stimulated whole-body glucose disposal, 
skeletal muscle is the most affected organ with respect to impaired insulin- stimulated 
glucose disposal in states of IR (DeFronzo et al.  1979 ). GLUT-4 expression in 
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  Fig. 8.4    PM enhanced the recruitment of classically activated ATM in a CCR2- dependent manner. 
Stromal vascular fraction (SVF) isolated from epididymal fat of WT or CCR2−/− mice exposed to 
FA or PM was used for cytometric detection of M1. The absolute number of M1 in adipose tissue 
was shown. *, p < 0.05 compared with WT-FA; ##, p < 0.01 compared with WT-PM (This data was 
adapted from Environ Health Perspect; DOI:  10.1289/ehp.1306841    )       
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 skeletal muscle of C57BL/6 mice, has been shown to be decreased in response to 
PM 2.5  exposure, indicating a defect in glucose utilization upon PM 2.5  exposure. 
Gluconeogenesis is tightly regulated by insulin signaling (suppressed) with 
 mitigation of this suppression with IR (in the face of continued insulin-mediated 
PC) is required for this process (Jitrapakdee  2012 ). Liu et al found reduced 
 expression of G6pase, FBPase and PC mRNA levels with no alteration of PEPCK 
levels in response to PM 2.5  exposure, suggesting an adaptive negative feedback reg-
ulation of hyperglycemia (Liu et al.  2013b ). In addition, Glut-2, a transporter in 
liver cells that functions to mediate glucose uptake in the liver for glycolysis, was 
reduced by PM 2.5  exposure, leading to an attenuated glucose uptake by the liver and 
hyperglycemia in PM 2.5  exposure (Liu et al.  2013b ). Although CCR2 defi ciency 
showed no improvement in ChRE-binding protein (ChREBP) or L-type pyruvate 
kinase (L-PK), the normalized GLUT-2 expression and GK overexpression in the 
CCR2 defi ciency phenotype may be expected to alleviate glucose dysregulation 
induced by PM 2.5  exposure. Additional experimentation will be required to clarify 
the mechanism. However, CCR2 defi ciency did not correct impaired vascular 
 function (decreased relaxation to both acetylcholine and insulin) induced by PM 2.5 , 
suggesting that CCR2 does not mediate air pollution-induced abnormalities in 
 vascular endothelium. The study by Liu et al also demonstrated that PM 2.5   selectively 
up-regulates p38, which was partially abrogated by CCR2 defi ciency (Liu et al. 
 2013b ). In this study no changes in JNK were noted which were at variance with 
prior studies by Zheng et al which did demonstrate increase in JNK phosphorylation 
(Zheng et al.  2013 ). These differences may relate to differences in exposure 
 conditions and/or strains used in the studies. p38 MAPK belongs to a family of 
evolutionarily conserved serine-threonine MAPKs that link extracellular signals to 
intracellular machinery regulating a plethora of cellular processes. Together with 
JNK, they are described as stress-activated protein kinases, which can be activated 
by environmental or genotoxic stress (Coulthard et al.  2009 ; Morrison and Davis 
 2003 ; Chang and Karin  2001 ). Taken together these fi ndings seem to suggest a role 
for p38 and JNK pathways in the pathogenesis of IR and a role for CCR2 plays a 
pivotal role in the PM 2.5 -mediated susceptibility to IR. Figure  8.5  depicts a schema 
of CCR2 dependent and independent mechanisms by which PM2.5 mediates IR.    

8.5     Summaries and Future Directions 

 In summary, a variety of biological processes including infl ammatory response, ER 
stress, and oxidative stress are involved in the physiopathologic response to air 
 pollution. Characterizations of those pathologic changes such as infl ammatory 
response or oxidative damages to nucleobases could serve as biomarkers of air 
 pollution. Evidence from epidemiologic studies, limited exposure studies in humans 
and animal experiments support that infl ammatory responses to environmental 
factors act as a central mechanism that mediates cardiometabolic effects of PM 2.5 . 
As a non- traditional factor, air pollution is pervasive in the urban environment and 
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may provide low level synergism with other dominant factors in accelerating 
propensity for T2DM. Future studies are warranted to gain greater insights into the 
molecular mechanisms involved, the responsible pollutants (eg, components, sizes/
sources); the role of combined exposures to mixtures (eg, ozone plus PM) and 

  Fig. 8.5    CCR2-dependent and -independent mechanisms involved in PM 2.5 -induced progression 
of insulin resistance. Exposure to PM 2.5  synergizes with high fat diet to induce systemic infl amma-
tion. PM 2.5  enhances infl ammation and MAPK activity in liver and adipose tissue via a CCR2- 
dependent pathway. PM 2.5  also reduces glucose uptake in muscles/liver and aortic endothelial 
dysfunction through a CCR2-independent pathway.  MAPK  mitogen-activated protein kinase, 
 GLUT4  glucose transporter type 4,  SREB1  sterol regulatory element-binding protein 1,  ACC2  
acetyl-CoA carboxylase 2,  FAS  fatty acid synthase,  DGAT2  diacylglycerol O-acyltransferase 2, 
 FABP1  fatty acid-binding protein 1,  GLUT2  glucose transporter type 2,  G6Pase  glucose-6- 
phosphatase,  FBPase  fructose 1,6-bisphosphatase,  PC  pyruvate carboxylase       
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susceptibility factors (eg, gene-environment interactions, vulnerable populations). 
Finally an integrated of effects across multiple systems and organs is needed, 
together with insights on pathways that serve as regulators of systems. The fi ndings 
of PM 2.5  induced CNS infl ammation while early, may represent at least one potential 
pathway by which a multitude of metabolic and infl ammatory pathways could 
 converge. Work in the next few years that focus on such broad integrative pathways 
juxtaposed with a system based understanding of PM 2.5  effects (transcriptome, 
 proteome and metabolome) and intervention of those pathways as a therapeutic 
strategy is warranted.     
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    Chapter 9   
 Air Pollution, Lipids and Atherosclerosis 

             Jesus     A.     Araujo       and     Michael     E.     Rosenfeld   

9.1             Introduction 

 Extensive epidemiological evidence supports the association of air pollution with 
adverse health effects leading to increased morbidity and mortality of worldwide 
signifi cance (Brook et al.  2004 ,  2010 ; Bhatnagar  2006 ). Air pollution-related deaths 
are mostly due to cardiovascular and cerebrovascular diseases (Pope et al.  2004 ), 
which together accounted for 80 % of all deaths worldwide (40 % each) attributed 
to ambient air pollution in 2012 (World Health Organization  2014 ). This is of large 
signifi cance as heart disease remained in 2011 as the top leading cause of death in 
the US (Hoyert and Xu  2012 ) and in the world (World Health Organization  2013 ); 
and cerebrovascular diseases were the fourth cause of death and leading cause of 
disability in the US in 2011 (Hoyert and Xu  2012 ; Towfi ghi and Saver  2011 ). 
Exposure to air pollution is now recognized as a relevant cardiovascular risk 
factor given its potential to affect large numbers of people around the globe. The 
nature of the cardiovascular effects of air pollution and potential mechanisms 
involved have been the focus of two Concensus Statements from the American 
Heart Association in 2004 (Brook et al.  2004 ) and 2010 (Brook et al.  2010 ), targeted 
to the healthcare professionals, which underlines the importance of this topic for the 
general community. 
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 Ischemic cardiovascular and cerebrovascular diseases share a major pathogenic 
substrate, the development of atherosclerotic plaques and subsequent  thromboembolic 
events. Plaques develop in the large and medium-sized elastic muscular arteries, 
as a result of atherosclerosis, an infl ammatory process characterized by the accumu-
lation of lipids and fi brous elements in the vascular wall (Lusis  2000 ). Infi ltrating 
lipids come from circulating low-density lipoprotein (LDL) particles that are 
retained in the vascular wall. The retention of LDL is favored by its oxidative 
modifi cation which leads to activation of endothelial cells, monocyte recruitment 
with internalization into the vasculature, differentiation into macrophages and 
generation of foam cells by increased lipid uptake. Vascular infi ltration of lipids and 
infl ammatory cells further enhances oxidative stress and a vicious cycle of infl am-
mation. While the pathogenic role of vascular oxidative stress has been challenged 
by the argument that oxidative modifi cations present in the plaques could be conse-
quential rather than causal to lesion formation (Stocker and Keaney  2004 ), it does 
appear that the interplay between pro-oxidant and anti-oxidant factors in the vascu-
lature may determine the degree of reactive oxygen species (ROS) generation in a 
way that can affect lesion formation (Araujo et al.  2012 ). Thus, established risk 
factors such as diabetes and cigarette smoking or novel risk factors such as exposure 
to air pollution enhance ROS generation in the vasculature and promote atherogen-
esis (Araujo  2011 ). 

 Air pollution is a complex mixture of compounds with gaseous (ozone, carbon 
monoxide, sulfur and nitrogen oxides) and particle phases, the cardiovascular 
effects have been mostly ascribed to the particulate matter (PM) components 
(Bhatnagar  2006 ; Brook et al.  2010 ; Araujo and Nel  2009 ). Indeed, the ambient PM 
pollution ranked within the top 10 leading risk factors associated with global burden 
of disease worldwide, resulting in 3.0 % of the global disability-adjusted life-years 
(Lim et al.  2012 ). Ambient particles can be classifi ed according to their aerodynamic 
diameter with size fractions of PM 10  (“thoracic” particles, <10 μm), PM 2.5–10  (“coarse” 
particles, 2.5–10 μm), PM 2.5  (fi ne particles, <2.5 μm) and UFP (ultrafi ne particles, 
<0.1 μm) that are derived from various sources and by a variety of processes 
characteristic of each size fraction (U.S.EPA  2004 ). While the associations of exposure 
to PM 10  and PM 2.5  with cardiovascular endpoints appear to be stronger than with the 
gaseous pollutants, two recent meta-analyses, one of 34 studies (with 17 time-series 
and 17 case-crossover designs) and the other of 35 studies, revealed that with 
the exception of ozone, all the main air pollutants that were studied (PM 10 , PM 2.5 , 
carbon monoxide, nitrogen dioxide and sulfur dioxide) were signifi cantly associ-
ated with an increased risk for myocardial infarction (MI) (Mustafi c et al.  2012 ) and 
heart failure hospitalizations (Shah et al.  2013 ). 

 Air pollution-mediated cardiovascular actions include a plethora of varied effects 
on atherosclerosis, platelet aggregability and thrombosis, vasoreactivity, arrhythmias 
and possibly cardiac systolic function that are likely responsible for the association 
with increased risk for myocardial infarction (Mustafi c et al.  2012 ), cerebrovascular 
events (Miller et al.  2007 ) and heart failure hospitalizations (Shah et al.  2013 ). 
Various mechanisms have been proposed to explain how inhalation of ambient 
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pollutants could result in systemic cardiovascular effects such as: (1) activation of 
pulmonary receptors resulting in autonomic nervous system imbalance and the 
development of dysrhythmias, (2) induction of pulmonary and systemic infl ammation, 
(3) access of particles, gases or their chemical constituents to the systemic circula-
tion (Araujo and Nel  2009 ). The latter pathways can mediate air pollution-related 
acute pro-thrombotic as well as chronic pro-atherosclerotic effects, largely responsible 
for acute coronary syndromes, cerebrovascular events and ischemic heart disease. 
In this chapter, we will focus our attention on air pollution- mediated effects on 
atherosclerosis.  

9.2     Air Pollutants and Atherosclerosis 

9.2.1     Human Studies Reveal Associations Between Exposure 
to Air Pollutants and Atherosclerosis 

 Several studies support the association between air pollution and subclinical 
measures of atherosclerosis in humans (Table  9.1 ). Kunzli et al. reported in 2005 on 
a cross-sectional study where the degree of carotid intima-medial thickness (CIMT) 
in 798 individuals correlated with an increase of 5.9 % for every 10 μg/m 3  rise in 
PM 2.5  levels (Kunzli et al.  2005 ) (Table  9.1 ). Data from the Multi-Ethnic Study of 
Atherosclerosis collected at baseline further support the association of PM with 
atherosclerosis (Diez Roux et al.  2008 ). Diez Roux et al. reported that PM 10  
exposures assessed over long-term (20-year means and 2001 mean) and 20-year 
PM 2.5  exposures were correlated with a 1–3 % increase in CIMT per 21 μg/m 3  
increase in PM 10  or 12.5 μg/m 3  increase in PM 2.5 , respectively (Diez Roux et al. 
 2008 ). In addition, Allen et al. reported that PM 2.5  exposures were correlated with an 
increased risk for aortic calcifi cation in a related study (Allen et al.  2009 ) (Table  9.1 ). 
The PM and atherosclerosis association was further confi rmed by results from the 
Heinz Nixdorf Recall (HNR) study, a population-based cohort of 4,814 participants 
where exposure to PM 2.5 , PM 10  and distance to high traffi c was associated with an 
increase in CIMT (Bauer et al.  2010 ). In this study, the association of 1-year 
 exposure to PM 2.5  with CIMT was strong in comparison to all major known risk 
factors for atherosclerosis and stronger than for larger PM 10  particles. This is consis-
tent with the greater effects of the PM 2.5  fraction on long-term cardiovascular 
 mortality (Pope et al.  2002 ) and the notion that the cardiovascular effects are favored 
by a smaller particle size (Araujo and Nel  2009 ). This was an extension of the previ-
ous report on the HNR study, subjects living >200 m away from a major road, were 
compared to subjects living within 101 to 200 m, 51 to 100 or less than 50 m showed 
an 8 %, 34 % and 63 % increase in the probability of having a high coronary artery 
calcium (CAC) score, respectively (Table  9.1 ). The potential infl uence of PM expo-
sure levels with the progression of atherosclerotic disease was fi rst reported by 

9 Air Pollution, Lipids and Atherosclerosis



244

Kunzli et al. who found that the annual rate of CIMT progression among individuals 
living within 100 m of a highway was accelerated and more than twice the popula-
tion mean rate of progression (Kunzli et al.  2010 ). A recent report from a 5-year 
follow-up of the MESA study showed that among 5,362 participants with a mean 
annual progression of 14 μm/year, subjects exposed to 2.5 μg/m 3  exhibited a greater 
rate of CIMT progression over 5 years (increase of 5.0 μm/year). Importantly, 
reductions in PM 2.5  exposure from a fi xed baseline were associated with a slower 
progression in the CIMT (−2.8 μm/year per each 1 μg/m 3  reduction in PM 2.5 ) (Adar 
et al.  2013 ). Associations of short-term and long-term exposures to PM 2.5  and retinal 
vessel diameters, expressed as central retinal arteriolar equivalents and central 
 retinal venular equivalents, were also reported in the MESA study, further supporting 
the notion that small increases in short-term and long-term air pollution exposures 
are associated with vascular events (Adar et al.  2010 ).

      Table 9.1    Human studies linking exposure to air pollution with subclinical atherosclerosis   

 Study  Air pollutant 
 Evaluation of 
atherosclerosis  Major fi ndings   

 Kunzli et al. 
( 2005 ) 

 PM 2.5   CIMT  5.9 % increased in CIMT per every 10 μg PM 2.5 /m 3      

 Ozone 

 Hoffman 
et al. ( 2007 ) 

 PM 2.5   CACS  Increased CAC scores with shorter distances to a 
major road 

    

 Distance to 
major road 

 Diez Roux 
et al. ( 2008 ) 

 PM 10   CIMT  1–3 % increase in CIMT 
per every increase in 21 
and 12.5 μg/m 3  of PM 10  
and PM 2.5  respectively 

    

 PM 2.5   CACS 

 BAI 

 Allen et al. 
( 2009 ) 

 PM 2.5   Aortic 
calcifi cation 

 6 % increase in the risk 
of aortic calcifi cation with 
a 10 μg/m 3  increase in PM 2.5  

    

 Distance to 
major road 

 Bauer et al. 
( 2010 ) 

 PM 2.5   CIMT  4.3 %, 1.7 % and 1.2 % increases in CIMT per 
interdecile range increases 
in PM 2.5  (4.2 μg/m 3 ), PM 10  
(6.7 μg/m 3 ) and distance to 
traffi c (1,939 m), respectively 

    

 PM 10  

 Distance to 
high traffi c 

 Kunzli et al. 
( 2010 ) 

 PM 2.5   CIMT  Greater annual progression 
of CIMT among individuals living < 100 m from a 
highway 

    

 Distance to 
highway or 
major road 

 Adar et al. 
( 2013 ) 

 PM 2.5   CIMT  2.5 μg/m 3  higher PM 2.5  levels associated with greater 
CIMT progression over 5 years (increase of 5.0 μm/
year) while greater reductions in PM 2.5  over a fi xed 
baseline PM 2.5  associated with slowed CIMT 
progression 

    

  Studies are listed in chronological order based on the year of publication 
  CIMT  carotid intima-media thickness,  CACS  coronary artery calcium score,  BAI  brachial artery 
index  
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9.2.2        Animal Studies Support a Causality Link 

 While the epidemiological studies support an association between exposure to air 
pollution and atherosclerosis in humans, studies in experimental animals suggest 
that exposure to air pollution can induce the progression and/or changes in the 
 composition of atherosclerotic lesions. In addition, several of these studies show 
that exposure to air pollution also results in increased systemic pro-oxidative effects 
leading to enhanced lipid peroxidation in various tissues. Table  9.2  summarizes 
several of these studies using various animal models.

   Exposures to air pollutants have been performed using intra-tracheal instillations 
(I.T.) of PM as well as inhalation of polluted air, concentrated ambient particles 
(CAPs) or motor vehicle emissions such as diesel exhaust (DE), gasoline exhaust 
(GE) and mixed vehicular emissions (MVE: DE + GE). These various exposure 
modalities differ with regard to how diffi cult they are to perform and with regard to 
how much they model “real life” scenarios. Thus, I.T. administrations are easier experi-
mentally but more limited in physiological relevance. On the other hand, inhalation of 
CAPs and motor vehicle emissions are more diffi cult to conduct and have larger vari-
ability but better reproduce “real life” scenarios However, both types of approaches 
are informative in understanding and dissecting relevant pathological events. 

 I.T. administration of PM 10  or carbon black have been shown to stimulate athero-
sclerotic lesion formation in Watanabe hyperlipidemic rabbits (Suwa et al.  2002 ; 
Yatera et al.  2008 ) and low density lipoprotein receptor defi cient (LDL-R -/- ) mice 
(Niwa et al.  2007 ), respectively. In those studies, atherosclerosis was assessed both 
in the coronary arteries (Suwa et al.  2002 ) and in the aorta (Yatera et al.  2008 ; Suwa 
et al.  2002 ; Niwa et al.  2007 ). The effects of concentrated PM 2.5  have primarily been 
evaluated with long-term inhalation exposures. Six studies have been reported 
where concentrated PM 2.5  led to enhanced atherosclerosis in apolipoprotein E null 
mice (Apo E -/- ). For example, animals were exposed to fi ne CAPs in both suburban 
Sterling Forest, New York (Chen and Nadziejko  2005 ; Chen et al.  2010 ; Sun et al. 
 2005 ,  2008 ; Quan et al.  2010 ) or in urban Manhattan, New York (Ying et al.  2009 ) 
and the CAPs from both environments had accelerating effects on atherosclerosis. 
Chen and Nadziejko fi rst reported that 39–41 week-old ApoE -/-  mice fed a chow diet 
and exposed to 10X ambient concentrations of PM 2.5  for 6 h per day, 5 days per 
week for 5 months led to a 57 % increase in the percentage of atherosclerotic plaque 
area in the aortic root (Gunnison and Chen  2005 ) (Table  9.2 ). Sun et al. then showed 
that younger 6-week-old ApoE -/-  mice fed a chow diet and exposed to similar 
 conditions for 6 months displayed an upward trend in the percentage of aortic 
 atherosclerotic plaque area (45 % increase), that was not statistically signifi cant 
(Sun et al.  2005 ). The feeding of a high fat diet however, resulted in a statistically 
signifi cant 58 % increase in aortic root plaque area following exposure to PM 2.5  
together with an impaired vasomotor response (Sun et al.  2005 ). In another study, 
Sun et al. reported that ApoE -/-  mice fed a high fat diet and exposed to concentrated 
PM 2.5  also resulted in enhancement of the plaque area in the aortic arch as assessed 
by ultrasound bio-microscopy (Sun et al.  2008 ). The PM 2.5  exposures also led to 
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atherosclerotic plaques that were enriched with tissue factor, a pro-thrombotic 
 factor that may have played a causative role or may have simply been an indicator 
of greater atherosclerotic plaque burden. In addition, a recent study showed that 
PM 2.5  exposures led to pro-oxidative effects that were NADPH oxidase and Toll 
Like Receptor-4- dependent (TLR-4) (Kampfrath et al.  2011 ). Concentrated PM 2.5  
appears to exert a greater promotion of plaque formation when compared to inhaled 
side-stream tobacco smoke and assessed by ultrasound bio-microscopy (Chen et al. 
 2010 ). 

 Of interest, while the majority of studies with PM 2.5  exposures have reported 
increased atherosclerotic burden (Chen and Nadziejko  2005 ; Sun et al.  2005 ,  2008 ; 
Quan et al.  2010 ; Ying et al.  2009 ), comparable studies of the effects of inhalation 
of diesel exhaust report only changes in plaque composition (Campen et al.  2010 ; 
Bai et al.  2011 ). Only a single study to date has reported that a 5-month exposure to 
whole diesel exhaust leads to enhanced size of atherosclerotic plaques in the bra-
chiochephalic artery (Quan et al.  2010 ). 

 Various mechanisms have been proposed to mediate PM-induced atherosclerosis 
as illustrated in Fig.  9.1 . The differences in the degree to which aortic atherosclero-
sis was enhanced by PM 2.5  in the various CAPs studies are likely due to several 
factors. These include differences in the length of the exposures, the type of experi-
mental diet, the PM composition and the gender and age of the mice, and thus the 
extent of atherosclerosis already existing at the time of exposure. For example, 
while 4–6 month-exposures to concentrated PM 2.5  in New York (Chen and Nadziejko 
 2005 ; Chen et al.  2010 ; Sun et al.  2005 ,  2008 ; Ying et al.  2009 ) yielded positive 
results, 5-week exposures to concentrated PM 2.5  in Los Angeles only resulted in a 
non-statistically signifi cant trend for increased atherosclerotic lesions (Araujo et al. 
 2008 ). Further, while the study from Ying et al. showed that 4-month inhalation 
exposures to concentrated PM 2.5  from the Upper East side of Manhattan (6 h/day, 
5 days/week) of cholesterol enriched diet (CED)-fed 6-week-old ApoE -/-  mice 
resulted in ~89 % increase in aortic atherosclerotic plaques over controls (Ying 
et al.  2009 ), CED-fed mice that were exposed for 5–6 months to CAPs from Sterling 
Forest, New York resulted in a 58–68 % increase in atherosclerotic lesions over 
controls (Sun et al.  2005 ,  2008 ). As noted by the authors, the larger effects with the 
Manhattan PM 2.5  could have been due to higher PM 2.5  levels and/or a higher  relative 
content of organic carbon (OC) and elemental carbon (EC) in the Manhattan PM 2.5  
(Ying et al.  2009 ). Data from the National Particle Components Toxicity (NPACT) 
Initiative sponsored by the Health Effects Institute suggests that PM chemical com-
position is likely to influence the degree to which it enhances atherogenesis 
(Vedal et al.  2013 ; Lippmann et al.  2013 ). However, the determination of the spe-
cifi c constituents mainly responsible for these toxic effects has remained elusive.    
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9.3     Modulating Factors 

9.3.1     Diet 

 There have been discrepancies between various studies about the effects of 
cholesterol- enriched diets on the degree of PM-induced atherogenesis. Two studies 
have reported a signifi cant enhancement of atherosclerosis when ApoE -/-  mice were 
fed a CED but only displayed suggestive trends when mice were fed a chow diet 
(Sun et al.  2005 ,  2008 ). At the same time, one study showed that the PM 2.5  pro-
atherogenic effects were not detected under the extreme hyperlipidemia developed 
by ApoE × LDL-R double knockout mice (Chen and Nadziejko  2005 ). As previ-
ously noted, it is possible that under certain conditions, the extent of atherosclerotic 
lesions induced by the diet or genetic cross prior to or during exposure (“noise”) 

  Fig. 9.1     Potential mechanisms how air pollutants promote atherogenesis.  The artery wall is 
infi ltrated by lipids originating from circulating LDL, followed by oxidative modifi cation in the 
subendothelial space, monocyte chemotaxis, differentiation into macrophages and foam cell 
 formation in the early stages of atherosclerotic lesion formation. Release of infl ammatory media-
tors and a vicious cycle of infl ammation ensue. More advanced stages of the disease include 
smooth muscle cell proliferation, formation of fi brous caps, necrotic cores, calcifi cation, rupture, 
hemorrhage and thrombosis. Possible mechanisms for how PM enhances atherosclerosis include: 
( 1 ) Increased susceptibility for LDL oxidation, ( 2 ) Development of dysfunctional HDL with loss 
of HDL anti-oxidant and anti-infl ammatory properties, ( 3 ) Systemically translocated UFP or their 
chemical constituents may synergize with ox-PAPC generated within ox-LDL in the activation of 
proatherogenic molecular pathways in endothelial cells, ( 4 ) Infl ammatory mediators released from 
tissues at the point of entry (e.g. lungs or gastrointestinal tract) may promote monocyte chemotaxis 
into the vessels (Modifi ed from Araujo and Nel  2009 )       
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could mask the effects induced by PM (“signal”) so that the signal-to-noise ratio 
would be too low to be detected. Thus, a more advanced age or a longer length of 
feeding of a CED resulting in higher levels of hyperlipidemia, could favor a greater 
development of background atherosclerotic plaques. 

 It has also been debated whether PM-induced atherogenesis is a function of the 
very high concentrations of CAPs that animals are exposed to with inhalations or 
I.T regimes. Soares et al. addressed this issue by exposing LDL-R -/-  mice to 1X 
ambient air (non-fi ltered) vs. fi ltered air at a location 20 m away from the  roadside 
in downtown Sao Paulo, Brazil. Although mice exposed to non-fi ltered air devel-
oped atherosclerotic plaques that were comparable in lipid content to those devel-
oped by controls, the aortic walls were thicker, suggesting a PM concentration 
dependent contribution of other components (either cellular or non-cellular) (Soares 
et al.  2009 ). However, in this study, additional lipid endpoints were magnifi ed by the 
administration of a high cholesterol diet as is discussed below.  

9.3.2     Particle Size and Composition 

 There is still the question of whether particle size has any role in PM-mediated pro- 
atherogenic effects. This has been addressed by a single study by Araujo et al. that 
tested the hypothesis that the smaller size and greater redox potential of UFP would 
result in greater pro-atherogenic effects than PM 2.5.  ApoE -/-  mice were fed a chow 
diet and subjected to concentrated PM 2.5 , UFP or fi ltered air for 5 h/day, 3 days per 
week for 5 weeks and effects were assessed by measuring the mean atherosclerotic 
lesion area in the aortic root. UFP-exposed mice developed 25 % and 55 % greater 
aortic plaque area as compared to PM 2.5  or FA-exposed mice respectively, despite an 
exposure mass that was ~ 4 times less than the PM 2.5 . (Araujo et al.  2008 ), Given that 
the concentrator technology employed in this study (VACES: Versatile Aerosol 
Concentration Enrichment System) generated overlapping CAPs aerosols, it was 
diffi cult to estimate the true relative pro-atherogenic strength of UFP vs. PM 2.5 . 
While it is possible that the UFP fraction could concentrate the PM pro-atherogenic 
effects, a clear demonstration of this will require the straight comparison of UFP to 
the accumulation mode particles in the 0.1–2.5 μm range (Araujo and Nel  2009 ). 
Interestingly, in this study, the UFP contained a greater relative content of polyaro-
matic hydrocarbons (PAHs), a group of redox-active compounds that can facilitate 
free radical reactions (Li et al.  2003 ; Ntziachristos et al.  2007 ; Ayres et al.  2008 ). 
Additional studies are required to compare PM 2.5  and UFP exposures in other loca-
tions in the world where the effects of different particle size and composition on 
atherosclerosis can be assessed.  
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9.3.3     Gaseous Pollutants 

 There has been a continuous debate about whether air pollution-mediated pro- 
atherogenic effects are all due to the particulate components or are also due to the 
gaseous constituents, especially since the epidemiological studies have consistently 
identifi ed associations with the PM. While one meta-analysis has found positive 
associations of gaseous pollutants such as CO, and sulfur and nitrogen dioxides 
with MI (Mustafi c et al.  2012 ), the studies included in that meta-analysis can not be 
extrapolated to imply a role for the gases in atherogenesis since they may induce MI 
by non-atherosclerotic effects. There is however, experimental data that support a 
potential role for gaseous pollutants in promoting atherosclerosis. Lewis et al. 
showed that exposures of CED-fed C57BL6 mice to carbon disulfi de (CS 2 ), a known 
volatile organic compound, at 500 and 800 ppm CS 2  for 6 h/day, 5 days/week for up 
to 20 weeks, markedly enhanced aortic atherosclerosis (Lewis et al.  1999 ). In 
 addition, Chuang et al. reported that ApoE -/-  mice exposed to 0.5 ppm O 3  for 8 h/day, 
5 days/week for 8 weeks exhibited more than double the degree of aortic atherosclerosis 
than the fi ltered air-exposed controls (Chuang et al.  2009 ) (Table  9.2 ). Furthermore, 
Campen et al. examined the effects of whole vs. particle-fi ltered diesel exhaust 
emissions on atherosclerotic lesion formation in CED-fed 10-week-old male ApoE -/-  
mice over 50 days. Although they did not fi nd signifi cant differences in the extent of 
aortic plaque formation between the various groups, the mice exposed to whole 
diesel exhaust developed atherosclerotic lesions with a greater macrophage content 
(Campen et al.  2010 ) (Table  9.2 ). Interestingly, exposure to whole diesel exhaust led 
to upregulation of MMP-9 in the aorta, consistent with similar effects reported for 
gasoline exhaust (Lund et al.  2007 ). While  particle- fi ltering tended to diminish the 
effects of the diesel emissions on plaque macrophage  content, it didn’t alter the 
degree of aortic MMP-9 upregulation (Campen et al.  2010 ), suggesting that both 
gaseous and particulate components could be affecting different pathways. It is pos-
sible that gaseous and particulate pollutants could exert different but cooperative 
effects, which will need to be explored in more detail in the future. The contribution 
of particulate and gaseous components in motor vehicle emissions has also been 
addressed in the NPACT studies, which are soon to be reported.   

9.4     Pathogenic Mechanisms 

9.4.1     Role of ROS and Infl ammation 

 PM-enhanced atherosclerosis is most likely the result of systemic pro-oxidant and 
pro-infl ammatory effects (Araujo  2011 ). Long-term exposure to PM 2.5  activates 
NADPH oxidase via upregulation of the NADPH oxidase subunits p47phox and 
Rac1 (Ying et al.  2009 ), resulting in increased production of superoxide in 
 monocytes, aortic tissue and perivascular fat (Kampfrath et al.  2011 ). Increased 
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generation of ROS leads to oxidative stress in systemic tissues. This is supported by 
data showing that exposure to CAPs in the PM 2.5  and UFP size ranges led to 
increased hepatic lipid peroxidation that was accompanied by an upregulation of 
Nrf2- regulated anti-oxidant genes in the UFP-exposed mouse livers (Araujo et al. 
 2008 ; Gong et al.  2007 ), while PM 2.5  exposure led to enhanced formation of 
3- nitrotyrosine residues (Sun et al.  2005 ; Ying et al.  2009 ). Chronic exposure to 
urban air pollution enhanced the susceptibility of LDL to oxidation in hyperlipemic 
LDL-R -/-  mice fed a high fat diet (Soares et al.  2009 ). Inhalation of diesel exhaust 
also enhanced lipid peroxidation in the liver (Yin et al.  2013 ). Plasma HETEs and 
HODEs, additional markers of increased lipid peroxidation, were induced by 
 exposure to diesel exhaust and re-aerosolized ultrafi ne particles in ApoE -/-  and LDL-
R -/-  mice, respectively (Yin et al.  2013 ; Li et al.  2013 ). 

 PM exposure has also been associated with increased pro-infl ammatory  mediators 
in the systemic circulation in animals (Tamagawa et al.  2008 ; Mutlu et al.  2007 ). I.T. 
administration of residual oil fl y ash (ROFA) to rats (Nurkiewicz et al.  2004 ,  2006 ) 
led to greater vascular ROS generation, as assessed by the Tetranitro Blue 
Tetrazolium (TNBT) reduction method (Nurkiewicz et al.  2006 ), and resulted in a 
dose-dependent impairment of systemic endothelium-dependent arterial dilation, 
increased leukocyte rolling and adhesion, as well as deposition of myeloperoxidase 
in the spinotrapezius muscle microcirculation (Nurkiewicz et al.  2004 ,  2006 ). In 
New Zealand White Rabbits and mice, I.T. PM 10  administration resulted in signifi -
cantly increased serum IL-6 and TNF-α levels (Tamagawa et al.  2008 ; Mutlu et al. 
 2007 ). Interestingly, lack of IL-6 ameliorated the PM 10 -mediated systemic pro- 
infl ammatory response as well as a PM 10  induced pro-coagulant state in mice (Mutlu 
et al.  2007 ), suggesting an important role for IL-6 in the mediation of PM induced 
systemic infl ammatory effects. Likewise, inhalation of fi ne CAPs led to an elevation 
in circulating IL-6 and TNF-α (Sun et al.  2009 ) together with increases in circulat-
ing adipokines, such as resistin. There was also a change in the balance of macro-
phages in adipose tissue towards the pro-infl ammatory M1 phenotype, suggestive of 
a systemic pro-infl ammatory state (Sun et al.  2009 ). Furthermore, it has been shown 
that PM induces increased monocyte migration to atherosclerotic vessels in 
Watanabe rabbits (Yatera et al.  2008 ). The simultaneous presence of pro-oxidative 
and pro-infl ammatory effects has led to a linear causal paradigm for the PM-pro- 
atherogenic effects as shown in Fig.  9.2a .  

 Several additional  in vitro  studies support the concept that the pro-oxidative 
effects induced by air pollutants occur directly in cells of the vasculature such as 
endothelial cells (Bai et al.  2001 ; Hirano et al.  2003 ; Li et al.  2006 ,  2010 ; Montiel- 
Davalos et al.  2010 ), macrophages (Soukup et al.  2000 ; Hiura et al.  1999 ; Li et al.  2004 ; 
Ohyama et al.  2007 ; Lee and Kang  2002 ; Chio et al.  2007 ; Goldsmith et al.  1998 ) 
and possibly smooth muscle cells (Sun et al.  2008 ). These pro-oxidative effects are 
strongly linked to the induction of pro-infl ammatory responses in the same cell 
types as previously reviewed by Araujo ( 2011 ). These include the activation of the 
NF-kB (Li et al.  2010 ; Montiel-Davalos et al.  2010 ), p38 MAPK (Mo et al.  2009 ; 
Sumanasekera et al.  2007 ) and ERK1/2 pathways (Mo et al.  2009 ) with subsequent 
upregulation of pro-infl ammatory factors such as TNF-α, IL-8, and monocyte 
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chemotactic protein-1 (MCP-1), (Li et al.  2010 ; Montiel-Davalos et al.  2010 ), and 
adhesion molecules such as VCAM (Li et al.  2010 ), E-selectin, P-selectin (Montiel-
Davalos et al.  2007 ) in endothelial cells. There is also an air pollution induced 
increase in production of TNF-α, IL-6 (Alfaro-Moreno et al.  2002 ; Fujii et al.  2002 ; 
Osornio-Vargas et al.  2003 ; Pozzi et al.  2003 ; Becker et al.  2005a ; Amakawa et al. 
 2003 ), IL-8 (Becker et al.  2005b ; Monn and Becker  1999 ), IL1-α (Brown et al. 
 2004 ), IL1-β (Jimenez et al.  2002 ), granulocyte macrophage colony- stimulating 
factor (GM-CSF) (Fujii et al.  2002 ; Ishii et al.  2005 ) and macrophage- infl ammatory 
protein-2 (MIP-2) (Imrich et al.  2007 ) in macrophages. 

 Controlled exposure studies, as well as panel and cross-sectional studies in 
humans also support the association of exposure to PM with increased systemic 
oxidative stress, via the detection of biomarkers of oxidative alteration of proteins, 
lipids and/or DNA in the circulating blood or in products excreted in the urine, as 
reviewed by Moller and Loft ( 2010 ). For example, Liu et al. reported the association 
of increases in exposure to black carbon and PM 2.5  with an elevation in plasma 
 levels of thiobarbituric acid reactive substances (TBARS), a measure of reactive 
aldehydes derived from the oxidation of fatty acids, in 28 nonsmoking seniors (Liu 
et al.  2009 ). This is in agreement with earlier reports of increased serum TBARS in 
association with PM 2.5  exposures (Sorensen et al.  2003 ) or after moving or living in 
a polluted urban location such as Mexico city (Medina-Navarro et al.  1997 ; Sanchez- 
Rodriguez et al.  2005 ). Measures of oxidation in circulating blood are highly 
 relevant since they may imply the involvement of oxidatively modifi ed plasma 
 lipoproteins such as LDL and/or HDL, key players in the promotion or protection 
from atherosclerosis, respectively (Araujo and Nel  2009 ). PM exposures also asso-
ciated with increased blood levels of GM-CSF, IL-6, IL-1, sTNF-RII, CRP and 
CD40 ligand (sCD40L) (van Eeden et al.  2001 ; Delfi no et al.  2008 ; Ruckerl et al. 
 2007 ; Chuang et al.  2007 ; Dubowsky et al.  2006 ). 

  Fig. 9.2    Mechanistic models for the induction of proatherogenic effects induced by air pollutants. 
( a ) Linear causal paradigm. ( b ) Alternative non-linear model         
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 Interestingly, the ability of diesel exhaust particulates (DEP) in the ultrafi ne 
range generated from the same engine in idling vs. driving modes led to particles 
with different chemical compositions that had divergent pro-oxidant vs. pro- 
infl ammatory potentials (Li et al.  2010 ). This indicates that PM can activate various 
pathways, not all ROS-related. In addition, pro-infl ammatory effects have not 
always been associated with pro-oxidative events which suggests that air pollutants 
can directly activate infl ammatory pathways, leading to a potential redefi nition of 
the ROS and infl ammation mechanistic model (Fig.  9.2b ).  

9.4.2     Role of the Lungs in Mediating Systemic Effects 

 Systemic pro-oxidative and pro-infl ammatory effects could be derived from 
increased production of ROS and development of infl ammation in the lungs that 
somehow get transduced to the systemic tissues. This may be due to the release of 
infl ammatory mediators into the blood. However, it is also conceivable that parti-
cles, gases or their chemical constituents enter into the systemic circulation with 
direct action at the target vascular sites. There are multiple reports that support the 
ability of PM to induce local pro-oxidant and pro-infl ammatory responses in the 
lungs (Gunnison and Chen  2005 ; Wang et al.  2008 ). Studies with intra-tracheal 
administration of PM have shown induction of obvious pulmonary infl ammation, 
evidenced by increased total cell counts in the bronchoalveolar lavage fl uid (BALF), 
modifi cation of the BALF cell differential and infi ltration of the lungs by infl amma-
tory cells with the development of histologically-defi ned pulmonary infl ammatory 
foci (Gunnison and Chen  2005 ; Wang et al.  2008 ). I.T. administration of PM also 
leads to up-regulation of infl ammatory genes (Ayres et al.  2008 ; Wang et al.  2008 ; 
Wise et al.  2006 ). Suwa et al. found that I.T. administration of PM 10  resulted in a 
systemic response characterized by increased blood counts of polymorphonuclear 
cells and circulating band cells, together with an increased volume of atheroscle-
rotic lesions in the coronary arteries. In addition, they observed that there was a 
correlation between the percentage of alveolar macrophages containing particles 
and the vol/vol of atherosclerotic lesions in the vessels (r = 0.53, p < 0.05) (Suwa 
et al.  2002 ) suggesting that the pulmonary response is associated with the athero-
sclerotic effects. However, while some studies have shown that inhaled ultrafi ne 
carbon particles (Andre et al.  2006 ) or CAPs (Lei et al.  2004 ) can also lead to 
increased infl ammatory cell counts in the BALF or increased infl ammatory cyto-
kines (Kampfrath et al.  2011 ), others have shown no effects on either BALF cell 
counts, histology or lung pro-infl ammatory gene expression (Gunnison and Chen 
 2005 ; Ito et al.  2008 ; Heidenfelder et al.  2009 ). These different responses could be 
due to the variability in CAPs composition or length of exposures (Saldiva et al. 
 2002 ; Morishita et al.  2004 ). Consistent with the latter, we have observed that DE 
for 2 weeks (Yin et al.  2013 ) or CAPs for 5 weeks (Araujo et al.  2008 ) did not result 
in the development of obvious pulmonary infl ammation (Araujo et al.  2008 ; Yin 
et al.  2013 ), but clearly led to lipid and pro-atherogenic effects, respectively. While 
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this suggests that CAPs and motor vehicle emissions can bypass the lungs, it is also 
possible that they lead to activation of infl ammatory molecular pathways without 
histological evidence of overt pulmonary infl ammation or local activation of cells 
leading to pan-systemic activation of the immune system. Thus, both fi ne CAPs 
(Kampfrath et al.  2011 ) and DE (Yin et al.  2013 ) have been shown to lead to 
enhanced lipid peroxidation in the lungs resulting in increased levels in the BALF 
of oxidized phospholipids (Kampfrath et al.  2011 ) and oxidized fatty acids (Yin 
et al.  2013 ), respectively. Lipid peroxidation in the BALF was accompanied by 
increased levels of TNF-α, MCP-1 and IL-12 in lung homogenates and increased 
plasma levels of TNF-α and MCP-1 (Kampfrath et al.  2011 ), effects that were 
blunted in mice defi cient in TLR-4. This suggests that activation of pathways 
 participating in innate immunity was required (Kampfrath et al.  2011 ). However, 
other CAPs studies have not found increased plasma levels of pro-infl ammatory 
cytokines, suggesting that this may not be a generalized mechanism for how inhala-
tion of air pollutants promotes atherosclerosis. Therefore, while CAPs and DE 
promote oxidation events in the BALF, it is still not clear whether and/or how these 
effects are associated with pro-atherosclerotic actions.   

9.5     Effects on Lipids: A Potential Missing Link 

 Sun et al. observed that ApoE -/-  mice exposed to fi ne CAPs for 6 months exhibited 
a small decrease in total plasma cholesterol on a chow diet but a small increase in 
total cholesterol when animals were fed a high-fat diet (Sun et al.  2005 ), without 
any effects on the levels of plasma triglycerides. Araujo et al. noted that chow-fed 
ApoE -/-  mice exposed for 5 weeks to fi ne but not to ultrafi ne CAPs showed a small 
increase in total plasma cholesterol without any effects on HDL cholesterol levels 
(Araujo et al.  2008 ). Likewise, Li et al. reported that inhalation of re-aerosolized 
UFP for 10 weeks did not affect plasma levels of total cholesterol but led to 
decreased HDL cholesterol and higher plasma triglyceride levels (Li et al.  2013 ) 
(Table  9.2 ) in LDL-R -/-  mice fed a high fat diet. However, other studies have not 
observed any effects on the quantitative levels of plasma lipids in either 
 normolipidemic (Kampfrath et al.  2011 ) or hyperlipidemic animals, either follow-
ing intra-tracheal administration (Suwa et al.  2002 ), inhalation of CAPs (Quan 
et al.  2010 ) or inhalation of MVE (Bai et al.  2001 ). Altogether, it appears that 
these effects on plasma lipids are highly dependent on the genetic background, 
type of diet and length of exposure. In addition, the effects on total plasma 
 cholesterol have been relatively small (Sun et al.  2005 ; Araujo et al.  2008 ) and 
unlikely to be a major driver of the overall pro-atherosclerotic effects. For instance, 
while 5-week exposure to fi ne CAPs did lead to a small increase in total plasma 
cholesterol levels, this only resulted in a trend towards larger plaques (Araujo 
et al.  2008 ). In contrast, exposure to ultrafi ne CAPs for a similar length of time did 
not infl uence total plasma  cholesterol levels but signifi cantly promoted athero-
sclerosis (Araujo et al.  2008 ). 
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 While quantitative effects on plasma lipids may not account for the observed 
effects on atherosclerosis, qualitative effects on plasma lipids may be quite impor-
tant. Campen et al. ( 2010 ) and Lund et al. ( 2009 ) have shown that exposure of ApoE 
null mice to DE or GE respectively, led to increased oxidized lipids (TBARS) in the 
aorta. DE exposure alone did not increase plasma TBARS. However, exposure of 
ApoE -/-  mice to MVE did result in enhanced plasma TBARS (Lund et al.  2011 ), 
suggesting a greater toxicity for MVE in comparison to DE alone. We have recently 
shown that ApoE -/-  mice exposed to DE for 2 weeks led to increased plasma levels 
of 8-isoprostanes, 12-HETEs and 13-HODEs, oxidized products of arachidonic and 
linoleic acid, respectively (Yin et al.  2013 ). This is consistent with the fi ndings of 
Bai et al. who reported that ApoE -/-  mice exposed to diesel exhaust for 7 weeks led 
to increased urinary excretion of 8-isoprostane and 8-OH-dG (Bai et al.  2011 ), 
 measures indicative of increased systemic oxidation of lipids and DNA, respec-
tively. We also found that diesel exhaust led to increased susceptibility to oxidation 
by air of a plasma lipoprotein fraction enriched in VLDL and LDL (Yin et al.  2013 ). 
This is consistent with the study from Soares et al. which indicated that chronic 
exposure to ambient levels of urban air pollution led to enhanced susceptibility of 
LDL to oxidation and increased titers of antibodies against oxLDL and apoB in 
hyperlipemic LDL-R -/-  mice fed a high cholesterol diet (Soares et al.  2009 ). Li et al. 
also showed that increased HETEs and HODEs could be measured in the LDL 
 fraction of LDL-R -/-  mice exposed to inhaled re-aerosolized UFP for 10 weeks (Li 
et al.  2003 ). Altogether, this indicates that ambient PM and motor vehicle emissions 
can increase lipid peroxidation in the plasma, resulting in LDL particles that are 
either more oxidized or more susceptible to oxidation than fi ltered air controls. 

 We have also shown that qualitative effects on plasma lipoproteins appear to alter 
the functional properties of the HDL particles. There are a number of protective 
functions of HDL that are negatively correlated with atherosclerosis and CAD. Thus, 
exposure of ApoE -/-  mice to fi ne and ultrafi ne CAPs for 5 weeks led to the develop-
ment of dysfunctional pro-infl ammatory HDL (Araujo et al.  2008 ). The degree of 
HDL dysfunction was particle size-dependent since UFP exposures led to a greater 
degree of dysfunction than did PM 2.5  (Araujo et al.  2008 ). The anti-infl ammatory 
properties of HDL were measured using an LDL-induced monocyte chemotactic 
assay in a co-culture of endothelial cells and smooth muscle cells. In comparison to 
PM 2.5,  exposure to UFP not only failed to inhibit the LDL-mediated infl ammatory 
effects but promoted more monocyte migration. The degree of HDL dysfunction 
correlated with the extent of atherosclerosis and a systemic Nrf2-regulated anti-
oxidant response. This supports the notion that dysfunctional HDL can either play a 
role in disease pathogenesis or serve as a marker for the PM-mediated systemic 
pro-oxidant and/or pro-infl ammatory effects. Indeed, pro-infl ammatory HDL is 
 predictive of the susceptibility to atherosclerosis in humans (Ansell et al.  2003 ) and 
in rabbits (Van Lenten et al.  2007 ). Furthermore, HDL’s reverse cholesterol  transport 
function inversely associates with carotid intima-media thickness and the likelihood 
of angiographic coronary artery disease (CAD) (Khera et al.  2011 ) while HDL’s 
anti-oxidant function is signifi cantly impaired in subjects with acute coronary 
 syndrome, as compared with healthy subjects or those with stable CAD (Patel et al. 
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 2011 ). More recently, we have shown that inhalation of diesel exhaust for as short 
as 2 weeks not only led to the development of pro-infl ammatory HDL but also 
caused the loss of the anti-oxidant properties of the HDL, turning the HDL particles 
from anti-oxidant into pro-oxidant lipoproteins. The anti-oxidant dysfunction cor-
related with markers of lipid peroxidation in the blood suggesting that it may be 
related to lipid peroxidation within the HDL particles (Yin et al.  2013 ). Of interest, 
the kinetics of recovery of the anti-oxidant and anti-infl ammatory capacities was 
different, indicating that they may be affected in a different manner. Thus, exposure 
to CAPs and diesel exhaust lead to plasma lipids that are functionally pro- atherogenic 
and characterized by increased oxidation or greater susceptibility to oxidation of the 
LDL particles and by the development of HDL with dysfunctional anti-oxidant and 
anti-infl ammatory properties. It is possible that these effects on the lipid functional 
profi les could represent the missing link between air pollutant-induced effects in the 
lungs and the pro-atherosclerotic effects observed in the blood vessels. Alternatively, 
enhanced oxidation of plasma lipids could function as a marker of systemic lipid 
peroxidation induced by the air pollutants and occur parallel to the vascular effects, 
which will need to be evaluated in the future.  

9.6     Novel Biomarkers of Air Pollution-Induced 
Cardiovascular Effects 

 Work with experimental animals, discussed in this chapter; support the notion that 
associations between air pollution, atherosclerosis and ischemic cardiovascular 
events are causal. Therefore, there is need for the identifi cation of biomarkers aimed 
at the detection of pro-atherosclerotic effects that could be induced at different 
times after the exposure to air pollutants. Recent animal work has shown that air 
pollutant exposures result in oxidative modifi cations of plasma lipids, resulting in 
increased plasma levels of TBARS, 8-isoprostanes, HETEs, HODEs and qualitative 
alterations of various plasma lipoproteins, conducive to oxidized LDL and dysfunc-
tional HDL. While some measures of systemic oxidative stress such as plasma 
TBARS and MDA have been tested in human panel and cross-sectional studies 
(Moller and Loft  2010 ), the results have not always been encouraging. Determining 
whether novel markers, such as HETEs and HODEs or those oriented to evaluate 
HDL functionality, identifi ed in experimental animals, translate into human subjects 
exposed to “real life” levels of air pollutants would be very important as they could 
provide greater sensitivity and be more informative on the pathological relevance of 
the cardiovascular effects that are induced. 

 Different markers can be more or less informative. Some markers offer a greater 
sensitivity while other markers provide a greater specifi city for the detection of lipid 
oxidation in the plasma. For example, TBARS are known to be a sensitive marker 
but relatively unspecifi c, while MDA, (an end product of lipid peroxidation and 
measured in the TBARS assay), should be more specifi c. Whether evaluating 
HETEs and HODEs (more upstream oxidative products than MDA), yields a better 
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balance of optimal sensitivity and specifi city needs to be tested. Markers could be 
informative of the acuity vs. chronicity of the health effects. Thus, while LDL 
 oxidizability is indicative of acute, and perhaps hyperacute effects, the degree of 
LDL oxidation and development of anti-oxLDL antibodies are more likely informa-
tive of subacute and chronic effects that require a longer time for the establishment 
of an acquired immune response against oxidized LDL. The combination of various 
markers may also be informative of the kinetics of the effects. For instance, air 
 pollutant effects on LDL oxidizability may be reversed more rapidly than effects on 
HDL anti-oxidant capacity, as suggested by our studies with diesel exhaust expo-
sures in ApoE null mice (Yin et al.  2013 ). The specifi c type of biomarkers chosen 
can also be informative of the nature of the cardiovascular responses that are induced 
and the potential clinical implications. Thus, induction of HDL reverse cholesterol 
transport dysfunction is probably more indicative of a greater susceptibility for 
development of atherosclerosis (Khera et al.  2011 ) while induction of HDL 
 anti-oxidant dysfunction may be more indicative of the propensity to develop acute 
coronary syndromes in subjects with CAD (Patel et al.  2011 ). Therefore, there is 
great potential for translation of these new measures of lipid peroxidation into novel 
sensitive and specifi c biomarkers of the type and nature of human cardiovascular 
disease responses to AP.  

9.7     Conclusions 

 In the last few years, there has been marked progress in our understanding of the 
cardiovascular effects of air pollution. Based on the cumulative evidence, we can 
conclude at the current time: (1) Epidemiological studies support a positive associa-
tion between the exposure to ambient PM and the development and progression of 
atherosclerosis, (2) Experimental animal work using hypercholesterolemic rabbits, 
ApoE -/-  and LDLR -/-  mice suggest that those associations are very likely to be causal, 
(3) PM-mediated enhancement of atherosclerosis is strongly associated with the 
development of systemic pro-oxidant and pro-infl ammatory responses, (4) PM-induced 
pro-atherogenic effects are favored by a small particle size as ultrafi ne ambient 
 particles appear to be more pro-atherogenic than the bigger particles found in the 
fi ne size fraction, (5) The degree of PM-enhancement of atherosclerosis can be 
modulated by the experimental diet, length of exposures and likely to be affected by 
PM chemical composition, (6) Gaseous pollutants may also play a role in mediating 
atherogenesis or enhancing the toxicity of PM-induced atherosclerosis, (7) Exposure 
to PM 2.5 , ultrafi ne particles and diesel exhaust lead to enhanced systemic lipid 
 peroxidation and pro-atherogenic plasma lipid profi les, characterized by LDL par-
ticles that are oxidatively modifi ed or more susceptible to oxidation and dysfunc-
tional HDL particles that lose their anti-oxidant and anti-infl ammatory properties 
and even promote further oxidation and infl ammation. 

 While PM-induction of systemic pro-oxidant and pro-infl ammatory responses 
could be important in the enhancement of atherosclerosis, the mechanisms for the 
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development of those effects are still unknown as well as the precise role for the 
lungs in their systemic transduction. There is need of epidemiological and exposure 
studies with UFP to test the hypothesis in humans that UFP carry a larger toxicity 
than bigger particles. PM effects on circulating lipoproteins need to be character-
ized in detail and confi rmed in humans, since they may yield a better understanding 
of PM-mediated pathogenesis and could be a promising biomarker of cardiovascu-
lar health effects.     
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    Chapter 10   
 Particulate Air Pollution and CNS Health 

             Alison     Elder     ,     Joel     Schwartz     , and     Günter     Oberdörster    

10.1             Introduction and Background 

 Results of abundant toxicological and epidemiological studies have confi rmed that 
exposure to particulate matter (PM) at concentrations encountered at numerous sites 
around the globe results in acute and chronic infl ammatory conditions not only in 
the respiratory tract, but also in the cardiovascular system (Brook et al.  2010 ; 
Breysse et al.  2013 ; Fanning et al.  2009 ). PM-induced infl ammatory events may 
result in severe chronic disease states, including lung cancer (Pope et al.  2002 ), 
myocardial events, and possibly neurodegenerative diseases. 

 This chapter focuses on toxicological and epidemiological studies that report 
effects of PM on the central nervous system (CNS) (Table  10.1 ). The focus of the 
toxicological investigations is on in vivo studies, primarily those that employ 
 inhalation exposures. Epidemiological studies include cohort, panel, cross- sectional, 
and controlled human exposure designs.

10.1.1       Particulate Matter Size Categories 

 Urban airborne particulate matter (PM) typically can be described by four modes 
(Fig.  10.1 ) which include the three broad categories, PM 10 , PM 2.5  and PM 0.1 . These 
defi ne size fractions of particulate matter of less than 10 μm and less than 2.5 μm in 
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   Table 10.1    Particulate exposure and CNS effects: existing data   

  Animal/human experimental:  
 Calderón-Garcidueñas 
et al. ( 1999 ,  2003 ,  2004 , 
 2008b ) 

 Mexico City air pollution associated with CNS infl ammatory and 
neurodegenerative changes; increased brain COX-2 and β-amyloid 
(humans); DNA damage, neuronal tangles (dogs) 

 Campbell et al. ( 2005 )  Two-week ultrafi ne/fi ne PM near-highway exposure in ovalbumin- 
sensitized mice led to increased brain NF-κB and IL-1α 

 Crüts et al. ( 2005 )  Diesel exhaust exposure caused an increase in fast-wave EEG 
activity in humans 

 Veronesi et al. ( 2005 )  Five-month exposure to ultrafi ne/fi ne PM induced loss of 
dopaminergic neurons in substrantia nigra of ApoE -/-  mice 

 Elder et al. ( 2006 )  Twelve-day exposure to Mn oxide ultrafi ne particles led to 
infl ammatory cell activation and oxidative stress in olfactory bulb 
and other brain regions 

 Kleinman et al. ( 2008 )  Six-week exposure to concentrated near-highway ultrafi ne PM in 
ApoE null mice led to activation of infl ammatory mediator 
transcription factors 

 Gerlofs-Nijland et al. 
( 2010 ) 

 Four-week Diesel exhaust exposure induced elevations in rat 
striatal TNF-α and IL-1α 

 Suzuki et al. ( 2010 )  Mice exposed in utero to Diesel PM had reduced locomotor activity 
 Fonken et al. ( 2011 )  Ten-month PM 2.5  exposure led to oxidative stress and infl ammatory 

changes in mouse hippocampus and to decreased learning and 
memory 

 Allen et al. ( 2013 )  Mice exposed as neonates or adults to ultrafi ne PM have preference 
for immediate reward upon behavioral testing 

 Guerra et al. ( 2013 )  Two-month coarse/fi ne/ultrafi ne Mexico City ambient air exposures 
in rats led to region- and PM size-specifi c increases in oxidative 
stress, infl ammation, and unfolded protein responses 

  Epidemiological:  
 Rauh et al. ( 2004 )  Second-hand tobacco smoke exposure in pre- and post-natal 

periods associated with decreased cognitive function in children 
 Calderón-Garcidueñas 
et al. ( 2008a ,  2011 ) 

 Mexico City air pollution associated with cognitive changes in 
children 

 Suglia et al. ( 2008 )  Decrease in verbal and non-verbal intelligence and memory in 
children in association with traffi c-related particles 

 Zeng et al. ( 2010 )  Poor air quality in China associated with poor cognitive function in 
older adults 

 Power et al. ( 2011 )  Cognitive function decline in older men in association with black 
carbon exposure 

 Volk et al. ( 2011 ,  2013 )  Proximity to roadways and exposure to traffi c-related pollutants or 
PM 2.5  in utero or in early life predict higher likelihood of autism 

 Weuve et al. ( 2012 )  PM 2.5  and PM 10  levels associated with cognitive function decline in 
adult females 

 Wellenius et al. ( 2012 )  Association between proximity to roadways and cognitive function 
changes in elderly 

 Becerra et al. ( 2013 )  PM 2.5  and ozone exposure during pregnancy increase odds of 
autistic disorder in children 
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aerodynamic diameter and less than 0.1 μm in thermodynamic diameter, which 
includes categories of coarse particles (PM 10–2.5 ), fi ne particles (≤PM 2.5 ), and ultra-
fi ne particles (UFP; ≤PM 0.1 ). Details about formation processes, composition and 
atmospheric behavior have been described in Chap.   1     (Hopke et al.). Coarse PM 
originates from mechanical processes such as grinding, cutting, and wind-blown 
dust (road dust, tire, brake wear), which settle in a relatively short time (hours) over 
short distances, whereas fi ne particles travel over very long distances and stay 
 airborne for a long time after their generation from diverse combustion sources and 
heating processes as well as various precursor gases. UFP are formed by many 
 natural processes (e.g., gas-to-particle conversions, volcanoes) and by anthropogenic 
activities (e.g., internal combustion engines, power plants, fumes); intentionally- 
engineered nanoparticles are defi ned to be of the same size as UFP. The physico-
chemical properties of ambient UFP vary widely depending on their origin; they 
consist of elemental and organic carbon, metals, and salts, all of which have different 
dissolution or leaching behavior. Shapes can vary from spherical to chain-like 
structures of differing agglomeration and aggregation states. Due to their high 
surface area per volume or mass, UFP chemical reactivity is likely to be greater than 
that of larger particles and their number concentration (particles per cm 3 ) is very 
high, whereas their mass concentration is very low (Finlayson-Pitts and Pitts  2000 ). 
However, as pointed out by Hinds ( 1982 ), an extremely high number concentration 
does not persist long due to both homogeneous coagulation of UFP and heteroge-
neous coagulation with larger particles, as indicated in Fig.  10.1 .  

 Numerous epidemiological studies have reported the correlation between 
 particulate air pollution and increased morbidity and mortality of susceptible parts 
of the population. For example, Schwartz and Marcus ( 1990 ) compiled data of the 
earlier London air pollution episodes of the 1950s, showing an initial steep increase 
in daily deaths at lower particulate concentrations and a fl atter slope at higher 
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  Fig. 10.1    Idealized size distribution of airborne particulate matter (Adapted from EPA  2004 )       

 

10 Particulate Air Pollution and CNS Health

http://dx.doi.org/10.1007/978-1-4471-6669-6_1


272

 particle concentrations (Fig.  10.2 ). A regression analysis of this data set (Oberdörster 
et al.  2000 ) identifi ed an infl ection point at a particle concentration of 128 μg/m 3 , 
which was interpreted as being possibly indicative of the greater toxicity of a high 
number of ultrafi ne particles at lower mass concentrations and lower toxicity at 
higher mass concentrations after heterogeneous coagulation to fi ne particles.   

10.1.2     Particle Deposition 

 Deposition of inhaled ambient PM in the respiratory tract is governed by breathing 
mode and activity level, airway geometry, particle size, density, shape and 
 hygroscopicity and ambient humidity. Figure  10.3  depicts deposition effi ciency of 
airborne particles of unit density ranging from about 1 nm to 20 μm in the three 
regions of the human respiratory tract, assuming nasal breathing with light exercise. 
The effi cient nasal fi ltering capacity both for very small (<5 nm) and very large PM 
(>2 μm) is obvious; it is due to very different mechanisms involving high diffusional 
movement of the smallest UFP and high gravitational settling combined with iner-
tial impaction of the larger particles. These deposition mechanisms are based on the 
aerodynamic and thermodynamic properties of the particles, the former becoming 
more effective with increasing particle size and the latter with decreasing particle 

  Fig. 10.2    Daily mortality and pollution in London (1958–1972) (Schwartz and Marcus  1990 ) 
(Adapted by Oberdörster et al.  2000 )       
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size (Fig.  10.3 ). As a result, there is a minimum of deposition around particle sizes 
of 0.2–0.5 μm, indicating the transition between the aerodynamic and thermody-
namic domains of particle behavior. Of note is the high deposition effi ciency of UFP 
in all regions of the respiratory tract, with peaks for ~20 nm particles in the alveolar 
region, ~10–15 nm in the tracheobronchial region, and less than ~5 nm in the 
 nasopharyngeal-laryngeal (extrathoracic) region. This is of signifi cance considering 
that sensory nerves embedded in the mucosa of the latter two regions can serve as 
conduits for locally-deposited UFP to reach sensitive sites in the CNS, as well as 
peripheral ganglia, as will be discussed later.  

 When viewing the deposition effi ciencies in Fig.  10.3 , it is important to 
 understand that the particle sizes given on the abscissa refer to singlet airborne par-
ticles of a given size. For agglomerated or aggregated particles, the respective size 
of the agglomerate/aggregate applies. For example, a large agglomerate made up of 
50 nm particles may have a size of several hundred nm or even micrometers. 
Furthermore, a high deposition effi ciency in a given region of the respiratory tract 
does not necessarily mean that this area receives a high dose per unit epithelial 
 surface area. For example, 20 nm particles depositing with a highest 50 % effi ciency 
in the alveolar region translates to a deposited dose per unit alveolar surface area 
which is lowest compared to the tracheobronchial and extrathoracic airways because 
of the orders of magnitude higher alveolar surface area.  
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  Fig. 10.3    Fractional deposition of inhaled particles in the human respiratory tract (ICRP  1994 ). 
Data shown for nose-breathing individual. Area outlined in:  blue , nasopharyngeal-laryngeal 
(extrathoracic) region;  green , tracheobronchial region;  red , alveolar region (Adapted with permis-
sion from reference #51: Oberdörster et al. ( 2009 ). Copyright © American Scientifi c Publishers)       
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10.1.3     Particle Disposition 

 The fate of inhaled PM following deposition in the respiratory tract depends on the 
physicochemical properties of PM and the site of deposition. Deposited larger 
 particles are mainly cleared by macrophage phagocytosis from the alveolar region 
towards the mucociliary escalator of the conducting airways (tracheobronchial 
region) and by mucociliary clearance from the tracheobronchial region and the 
naso-oro-pharynx via swallowing into the gastrointestinal tract. Agglomerated/
aggregated UFP can also be cleared via macrophage phagocytosis and subsequent 
mucociliary function. A smaller portion of larger particles is also taken up into 
interstitial lymphatic channels towards local lymph nodes, a recognized pathway for 
UFP that becomes more important under heavy deposited particle load conditions. 
Particles may also be cleared via dissolution. In addition to these pathways, UFP 
can also be cleared via translocation into the blood or lymph and along sensory 
neurons, as discussed below. 

 A major difference between UFP and larger particles relates to their biodistribu-
tion following deposition in the airways: The translocation of ultrafi ne (or 
 nano- sized) particles across epithelial barriers, e.g., the alveolar-capillary barrier 
into the bloodstream, and their translocation along axons and dendrites of neuronal 
cells are hallmarks of nanoparticle biokinetics to reach secondary target organs. 
Translocation rates from the respiratory tract are generally very low, on the order of 
1–2 % of the deposited dose, as will be discussed later; however, the translocation 
of UFP from the upper respiratory tract to the olfactory bulb of the brain has been 
estimated to be higher, ~11 % of the dose deposited on the olfactory mucosa (Elder 
et al.  2006 ). A major focus of this article is, therefore, on studies with ultrafi ne and 
nanosized particles because of their propensity to translocate from the portal of 
entry to secondary organs. Such translocation implies that, in contrast to larger par-
ticles, a direct effect of UFP on secondary target tissues can be postulated as pointed 
out later. However, consideration should also be given to soluble constituents of PM 
of all sizes, which can be absorbed and distributed via blood and lymph circulation 
to secondary tissues or interact/bind with cellular structures or tissue fl uids. 
Determination of dissolution rates and of the chemical nature of soluble or leach-
able PM constituents should be part of a detailed physicochemical characterization 
of ambient PM for all sizes. 

 Figure  10.4  summarizes distinct translocation pathways for inhaled UFP from 
the lower and upper respiratory tract to the brain based on experimental fi ndings 
with engineered nanoparticles. Uptake into and transport within blood and lymph 
circulation is a potential route for access to the brain. However, the tight junctions 
of the blood-brain barrier (BBB) form a neuroprotective layer that restricts 
 movement of particles and solutes much more effi ciently than tight junctions in 
other organs of the body. Infl ammatory processes, osmotic destruction of the tight 
junctions of the BBB, or coating of nanoparticles with specifi c proteins targeting 
endothelial LDL receptors can result in greater passage of nanoparticles into the 
brain (Kreuter  2004 ). In contrast, the aforementioned translocation of nanoparticles 
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along axons and dendrites of the olfactory and trigeminal sensory nerves originating 
in the nasal and oropharyngeal areas circumvents the tight BBB, so this conduit 
functions as a direct pathway for UFP to the olfactory bulb and the trigeminal 
 ganglion of the brain (DeLorenzo  1970 ; Oberdörster et al.  2004 ; Elder et al.  2006 ; 
Hunter and Dey  1998 ; Hunter and Undem  1999 ). Another translocation pathway to 
CNS structures involves perineural transport of nanoparticles to the cerebrospinal 
fl uid (CSF) along the olfactory nerve as described in studies by Czerniawska ( 1970 ) 
and Zhang et al. ( 2006 ). However, although it is still a prevailing view that drugs 
injected into CSF will also directly enter the brain parenchyma, transport from the 
CSF space to the brain is restricted by a very tight cerebrospinal fl uid brain barrier 
of the choroid plexus. Thus, nanoparticles that are translocated to the CSF – together 
with CSF itself – exit rapidly into the general blood circulation, with only very little 
entering the CSF microcirculation to reach the brain parenchyma (Pardridge  2011 ).    

10.2     Animal Studies 

 The cardiopulmonary effects of particulate air pollution have been appreciated for 
some time, following decades of epidemiological, controlled clinical, animal, and 
in vitro mechanistic studies. Because the respiratory tract is a primary target for 
airborne PM, the effects in lungs are understandable. However, the targeting of the 

  Fig. 10.4    Potential translocation pathways for inhaled ultrafi ne or nanosized particles from the 
respiratory tract to the brain ( CSF  cerebrospinal fl uid,  BBB  blood-brain barrier,  CSBB  cerebrospinal- 
brain barrier) (Adapted with permission from reference #51: Oberdörster et al. ( 2009 ). Copyright 
© American Scientifi c Publishers)       
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cardiovascular system gained acceptance after similar fi ndings in humans and 
 animals converged upon three main mechanistic explanations for the observed 
effects (Fig.  10.5 ): the generation of infl ammatory mediators that then travel via the 
circulation to distal target tissues, autonomic nervous system activation, and the 
direct delivery via translocation of particles or their constituents to target tissues 
(Brook et al.  2010 ). Two of these mechanistic pathways will be discussed in this 
section of the chapter, namely translocation and infl ammatory/oxidative stress 
responses, to explore the potential impact of particulate air pollution on the CNS 
using evidence that is drawn from animal models.  

10.2.1     Particle Translocation 

 The translocation of particles from sites of deposition in the respiratory tract to 
other sites is a normal clearance process and has been known for some time, 
although the conditions under which this occurs and the governing mechanisms are 
not as well understood. For example, Ferin et al. ( 1992 ) showed that fi ne and 
 ultrafi ne titanium dioxide particles migrated from the alveolar region of the lung 
following subchronic inhalation exposure to the hilar lymph nodes, a process that 
was particle size-dependent, with greater mass accumulation for the UFP and only 
some lung overload-induced accumulation for fi ne particles. Several studies of the 
translocation of inhaled ultrafi ne or nanosized very poorly soluble particles  (iridium, 
elemental carbon, iridium/carbon) have demonstrated that the majority of the lung 
deposited dose remains in the lung in the short term (Mills et al.  2006 ; Wiebert et al. 
 2006 ). However, a measurable but small fraction is transported to distal tissues, 
typically less than 1–2 % of the total deposited doses following a single tracheal 
inhalation exposure (Kreyling et al.  2002 ,  2009 ). Distal target tissues include spleen, 
liver, heart, bone marrow, kidney, and brain. Two points about these studies are 
noteworthy. First, the dissolution of the particles used in these studies was very 
carefully documented to support conclusions regarding the nature of what was 
transported, either particulate or solute. Secondly, the nasal region of the respiratory 
tract was bypassed in these studies, which draws attention to the vascular pathways 
by which particles may get into the CNS (Fig.  10.4 ). The areas of the BBB with 
fenestrated endothelia, namely the circumventricular organs, may represent points 
of entry into the brain parenchyma if the particles are small enough or if  components 
of inhaled particulates can be transported across the barrier (Fry and Ferguson 
 2007 ). 

 Aside from the vasculature, the olfactory mucosa in the nose represents a poten-
tial site for particles to access the brain (Figs.  10.4  and  10.5 ). DeLorenzo ( 1970 ) 
demonstrated in neuronal tracing studies in squirrel monkeys that silver-coated 
 colloidal gold (50 nm) could travel from the olfactory epithelial surface through the 
cribriform plate into the olfactory bulb, thus providing an explanation for earlier 
studies showing that polio virus (~30 nm) infected the brain via this pathway. 
Employing a whole-body inhalation exposure model – whereby particle deposition 
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in the nose occurs – Oberdörster et al. ( 2004 ) demonstrated the time-dependent 
accumulation of  13 C in olfactory bulb, cerebellum, and cerebrum following a 6-h 
exposure to  13 C elemental carbon UFP (35–37 nm; 150–170 μg/m 3 ). Yu et al. ( 2007 ) 
and Balasubramanian et al. ( 2013 ) also demonstrated the time- and particle 
 size- dependent accumulation of gold nanoparticles (40–80 nm) in brain tissues fol-
lowing repeated (5–15 days) whole-body inhalation exposures, in particular the 
olfactory bulb, septum, entorhinal cortex, frontal cortex, hippocampus, striatum, 
and cerebellum. The fi nding of translocated gold nanoparticles in the entorhinal 
cortex is signifi cant, as it raises the possibility that the particles crossed synapses, a 
fi nding that was reported by DeLorenzo ( 1970 ), who found gold in pre- and post- 
synaptic compartments of the olfactory bulb after intranasal administration. 
Confi rmation of entorhinal cortex targeting by particles would also lend support to 
the hypothesis that inhaled UFP may contribute to neurodegenerative disorders such 
as Alzheimer’s and Parkinson’s disease. Olfactory function impairment is common 
in these diseases, which has led to the hypothesis that xenobiotics can be transported 
synaptically to the primary olfactory cortex of the brain (Doty  2008 ,  2012 ; Morgan 
and Murphy  2002 ). 

 Elder et al. ( 2006 ) showed the highest accumulation of manganese in the olfac-
tory bulb and lesser, but still signifi cant, build-up in the striatum and frontal cortex 

  Fig. 10.5    Potential effects following exposure to airborne particulate matter ( solid arrows ,  particle 
translocation;  dotted arrows , mediators or dissolved PM components) (Adapted from Oberdörster 
et al.  2005 )       
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following 6- or 12-day whole-body inhalation exposures to poorly-soluble manga-
nese oxide UFP (~500 μg/m 3 , 18 × 10 6 /cm 3 , 30 nm), with evidence for short-term, 
rapid accumulation via olfactory neuronal transport to the olfactory bulb. 
Nevertheless, because exposures were repeated and, in the case of manganese oxide, 
some in vivo solubilization would be expected, vascular transport cannot be ruled 
out. Work from Dorman et al. ( 2001 ,  2004 ) also showed the importance of in vivo 
dissolution in the transport of manganese-containing compounds to the brain (olfac-
tory bulb and striatum, in particular) that were delivered via nose-only inhalation 
exposure, with accumulation being heightened for more soluble materials and 
smaller particle sizes.  

10.2.2     CNS Infl ammation 

 Calderón-Garcidueñas and colleagues reported that exposure to polluted Mexico 
City air resulted in oxidative DNA damage in the nasal epithelium; oxidative stress 
and infl ammatory mediator production, innate immune cell activation, and accumu-
lation of beta-amyloid – a pathological hallmark of Alzheimer’s disease – and 
α-synuclein in brain tissue from humans and dogs; and defi cits in cognition, mem-
ory, and executive function and increased prefrontal lesions in children (Calderón- 
Garcidueñas et al.  1999 ,  2003 ,  2004 ,  2008a ,  b ,  2011 ). Because of the lack of 
exposure control or characterization in these studies, however, it is not possible to 
conclude that particulate air pollution was causally associated with these changes. 
Guerra et al. ( 2013 ) used an inertial separator to expose adult rats to coarse, fi ne, 
and ultrafi ne Mexico City PM for 2 months and reported size fraction- and brain 
region-dependent upregulation in genes for superoxide dismutase, interleukin-1β, 
tumor necrosis factor-α, heme oxygenase-1, and markers of the unfolded protein 
response, as well as elevated activities of Nrf-2 and NF-κB (transcription factors in 
the pro-infl ammatory cascade). These fi ndings more directly implicate PM as being 
responsible for the observed increases in pro-infl ammatory mediators, but it is 
important to note that gas-phase constituents of the pollutant mixture would still be 
present. 

 Using a stationary particle concentrator to expose ovalbumin-sensitized mice to 
Southern CA traffi c-related PM or fi ltered air for 2 weeks, Campbell et al. ( 2005 ) 
reported that particles smaller than 180 nm in diameter induced increases in NF-κB 
activation and interleukin-1α in cortical tissue. Using a similar aerosol, Kleinman 
et al. ( 2008 ) showed that a 6-week exposure of ApoE -/-  mice led to the activation of 
several infl ammation-related transcription factors and to astrocyte activation in 
 cortical tissue in an exposure concentration-dependent manner. Using the same ani-
mal model (ApoE -/-  mice), Veronesi et al. ( 2005 ) showed a decrease in tyrosine 
hydroxylase staining – interpreted as a loss of dopaminergic neurons – in the sub-
stantia nigra region of the striatum following inhalation exposure for 5 months to 
concentrated PM 2.5 , which also includes UFP. Exposure of mice to concentrated 
Columbus, OH, PM 2.5  for 10 months also resulted in elevated mRNA levels for 
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tumor necrosis factor-α, interleukin-1β, and heme  oxygenase-1 in the hippocampus, 
which is critical for learning and memory (Fonken et al.  2011 ). Diesel exhaust expo-
sure (4 weeks) has also been shown to cause  signifi cant elevations in striatal tumor 
necrosis factor-α and interleukin-1α protein levels in rats (Gerlofs-Nijland et al. 
 2010 ). The links between CNS infl ammatory processes, persistent innate immune 
cell (microglia) activation, neurodegeneration, and cognitive impairment (Akiyama 
et al.  2000 ; Amor et al.  2010 ; Block et al.  2007 ; Block and Calderón-Garcidueñas 
 2009 ; Rainero et al.  2004 ) have fueled a growing interest in exploring the relation-
ship between exposure to ambient air pollution and neurodegenerative diseases.  

10.2.3     Behavioral Changes 

 Few studies have examined CNS functional or behavioral outcomes following 
 particulate air pollutant exposures. In utero exposure to diesel PM has been shown 
in a mouse model to reduce spontaneous locomotor activity and to alter 
 neurotransmitter levels (as well as their metabolites and turnover) in prefrontal cor-
tex of weanlings (Suzuki et al.  2010 ). In the PM 2.5  study described in the previous 
paragraph, Fonken et al. ( 2011 ) also evaluated hippocampus-mediated behavioral 
changes. After documenting that body weight, gross olfactory function, motor func-
tion, sensorimotor responses, muscle tone, and serum corticosterone levels were 
constant, the authors found that the mice exposed to particulates exhibited decreases 
in spatial learning and memory, as well as despair behavior upon forced swim 
 testing. More recently, Allen et al. ( 2013 ) showed that male mice that were exposed 
to concentrated ambient UFP (~80 nm in diameter) in the immediate postnatal 
period (8 days over 2 weeks), as adults (4 days), or both demonstrated preference 
for immediate reward (increased impulsivity) in fi xed-ratio waiting-for-reward 
behavioral testing, particularly in those mice that received postnatal exposures. 
These changes were not related to hyperactivity or changes in locomotor function. 

 Taken as a whole, these fi ndings suggest that inhaled particles that deposit in the 
upper or lower respiratory tract may impact several different brain centers to affect 
functional changes through mechanisms that are likely to be mediated through local 
oxidative stress and infl ammation/infl ammatory cell activation, either centrally or 
peripherally. The olfactory transport pathway may be able to deliver enough of the 
deposited dose by circumventing BBB – when particles are small enough – to initi-
ate such responses, especially upon repeated exposures. Transport of particles or 
their constituents via the blood also needs to be considered for some particles that 
readily release solutes upon in vivo dissolution that can be transported across the 
BBB. The relative contribution of these pathways – neuronal versus BBB – to CNS 
dosimetry requires more investigation, as does a kinetic analysis of particle clear-
ance pathways from the brain. Recent results showing infl ammatory changes in the 
heart via nodose ganglia activation without obvious lung or systemic infl ammation 
highlight the role of sensory neurons in the tracheobronchial region in extrapulmonary 
effects of inhaled particles (Kan et al.  2012 ); such response initiation pathways also 
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need to be considered in regards to effects observed in the brain. In addition, the 
infl ammatory, neurodegenerative, functional, and behavioral outcomes following 
exposure to air pollution need to be viewed in relation to brain dosimetry in order to 
develop a more mature understanding of the relative vulnerability of the CNS, much 
as we now have for the pulmonary and cardiovascular systems. This should include 
characterization of particle size, chemistry, surface reactivity, and in vivo dissolu-
tion rates, all of which are determinants of dose-response relationships in the brain. 
Lastly, the relative contributions of brain versus systemic infl ammatory processes to 
CNS effects need to be clarifi ed, as distinguishing between these pathways could 
have implications regarding therapeutic interventions. 

 While the preceding text has focused largely on PM, air pollution is a complex 
mixture and other components are delivered to the respiratory tract along with the 
particulates. Indeed, the composition of air pollution – including of the particles 
themselves – is spatially and temporally dynamic. Ozone is a ubiquitous gaseous 
pollutant that is known to perturb the barrier function of the epithelium in all respi-
ratory tract regions, leading to increased permeability (Bhalla et al.  1986 ; Kleeberger 
et al.  2001 ). Such a change in barrier function could affect translocation rates to 
secondary target tissues. Other infl ammatory stimuli, like endotoxin, induce similar 
permeability changes. Such stimuli also lead to the recruitment of phagocytic cells, 
which could shift the balance between cell-mediated particle clearance and  clearance 
via translocation. As to infl ammatory and oxidative stress-related responses that 
occur in secondary tissues as a result of air pollutant exposures, little is understood 
about the components that might initiate responses. Metals, volatile organics, and 
polycyclic aromatic hydrocarbons have been associated with adverse CNS  outcomes 
(Block et al.  2012 ) and may also underlie the observed effects with PM if these 
 species are adsorbed to particle surfaces or otherwise carried into the respiratory 
tract. The uncertainties relating the components of air pollution that are causally 
related to initiation of response should be addressed in future research.   

10.3     Epidemiological Studies 

10.3.1     Changes in Cognition and Behavior in Association 
with Exposure 

 The last 8 years has seen a rapid development in human studies of the effects of air 
pollution on cognition. The neural network is still developing rapidly in the fi rst 
years of a child’s life, and cognitive function begins to fall when people reach their 
50s. Hence, children and the elderly have been the focus of most of the research. 
The fi rst clear report from an epidemiological cohort study was from Suglia et al. 
( 2008 ), who compared cognitive function of children to their lifetime PM exposure 
measured as black carbon. They used a geographic exposure model, calibrated to 82 
different monitoring locations, to estimate the geographic variation of traffi c 
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 particles in Boston. From this model, they estimated chronic exposure to traffi c 
particles for school-aged children living in Boston. Higher PM exposure was 
 associated with decrements in cognitive function of the order of two IQ points. A 
subsequent study of 671 older men living in the Boston area used the same black 
carbon exposure model and observed that higher levels of exposure over the previ-
ous one to 11 years was associated with worse cognitive function (Power et al. 
 2011 ). Black carbon in urban areas is predominantly from traffi c, like UFP. However, 
it is more stable, and black carbon that is transported from upwind cities can be an 
important source of exposure. Hence, it refl ects both fresh and aged traffi c particles. 

 The two studies above took place in the Boston metropolitan area and focused on 
traffi c particles because those types of particles are the ones that show substantial 
variability across addresses within a city. Other studies have demonstrated effects 
more broadly with air pollution. In a study of 15,973 older adults in China, residents 
of areas with poorer air quality over the previous 7–10 years, measured by an index 
of ambient particulate and gas concentrations, were more likely to have poor cogni-
tive function (Zeng et al.  2010 ). More recently, an even larger study of 19,409 U.S. 
nurses used land use regression exposure models that predicted long term PM 2.5  and 
PM 10  concentrations at the addresses of each nurse. Nurses with higher baseline 
exposure (that is, before the fi rst cognitive exam) had faster rates of decline in 
 cognitive function over time (Weuve et al.  2012 ). 

 Another study of elderly subjects, the Project Mobilize study, reported an asso-
ciation with residential proximity to major roadways, but not with black carbon, and 
impaired cognitive function in elderly inhabitants of Boston (Wellenius et al.  2012 ). 
In another study of older subjects, Ranft and coworkers ( 2009 ) found associations 
between long term particle exposure and cognitive function in elderly women, and 
Chen and Schwartz ( 2009 ) reported associations with ozone and, more weakly, with 
PM 10  in the NHANES III study. 

 More studies of children have also appeared. In  2009 , Freire and coworkers 
reported an association of traffi c related air pollution and cognitive function in a 
large, well controlled cohort study in Spain. Simultaneously, Wang et al. ( 2009 ) 
published a study comparing cognitive function in schoolchildren in a high- and 
low-traffi c neighborhood in Quanzhou, China. There was no difference in PM 10  
between the two locations, only in traffi c pollution. The children from the higher 
traffi c school had lower cognitive performance. More recently, Gatto et al. ( 2013 ) 
and van Kempen et al. ( 2012 ) have also reported associations, particularly with 
 traffi c pollutants, with cognitive performance in children. 

 Second hand tobacco smoke particles have broad similarities with ambient 
 particles and, consistent with this, Rauh and colleagues measured prenatal and 
post- natal exposure to second-hand tobacco smoke and Bayley Scales of Infant 
Development in 226 urban children from pregnancy to several years of age (Rauh 
et al.  2004 ). Prenatal second hand smoke exposure (dichotomized as yes/no) 
 predicted a fi ve point decrement in the Bayley Mental Developmental Index scores 
(p = 0.02). Secondhand smoke is enriched in combustion particles compared to 
 primary tobacco smoke, which has more gases. 
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 In addition to these studies of cognition in elderly and young subjects, there is 
also a growing epidemiological literature about associations between traffi c-related 
air pollutant exposures and developmental disorders such as autism. A small case- 
control study (309 cases, 249 controls) conducted in the Los Angeles, CA, area 
showed that living within close proximity (<309 yards) to a major freeway is 
 associated with a higher odds ratio (OR) for being diagnosed with autism (OR, 1.86; 
95 % confi dence interval (CI), 1.04–3.45). Estimate adjustment for exposure 
throughout pregnancy resulted in a doubling of the odds ratio (Volk et al.  2011 ). A 
follow-up study (279 cases, 245 controls) examined associations between estimates 
of traffi c- related pollutant exposures or regional criteria pollutant levels and risk of 
autism (Volk et al.  2013 ). Children who had the highest exposures to traffi c-related 
pollution in the fi rst year of life had a 3.10 times higher likelihood (95 % CI, 1.76–
5.57) of having autism. Similarly, an increase of 8.7 μg/m 3  PM 2.5  during the fi rst 
year of life was associated with a 2.12 times higher odds of having autism (95 % CI, 
1.45–3.10). Another case-control study in the same region of the US, but with larger 
case (7603) and control (76,030) groups, also examined associations between 
autism diagnoses and criteria air pollutant exposures that were estimated using 
land-use regression modeling (Becerra et al.  2013 ). The authors reported an esti-
mated 5–15 % increase in odds of autistic disorder per interquartile range increase 
over the entire pregnancy in PM 2.5  (4.68 μg/m 3 ) and a 6–12 % increase in odds per 
interquartile range increase in ozone (11.54 ppb). Odds ratios were further increased 
when these two pollutants were included in the same model. In addition, children 
with autism diagnoses had lower gestational ages at birth and lower birth weights 
than the controls, as has been previously reported. It is interesting to note that 
Miranda et al. ( 2013 ) and Pereira et al. ( 2014 ) showed increased incidence of pre- 
term birth in association with increases in traffi c-related pollution (proximity to 
roadways) or PM 2.5 , respectively. 

 In general, cognitive impairment and dementia have been associated with oxida-
tive stress and infl ammation, which, as noted elsewhere, is clearly generated by 
PM. This makes the fi ndings described above quite plausible. Crüts and colleagues 
( 2005 ) exposed young healthy human volunteers using a cross-over study design to 
diesel exhaust or fi ltered air for 1 h and found increased β2 electroencephalogram 
wave activity in frontal cortex in diesel-exposed individuals. The authors concluded 
from these fi ndings that cortical stress could lead to functional changes, which, if 
confi rmed, provides another mechanism by which cognition and behavior could be 
altered. Another major cause of cognitive impairment in the elderly is reduced blood 
supply to the brain as a consequence of atherosclerosis. Again, PM has been dem-
onstrated in human and in experimental studies to accelerate atherosclerosis. The 
cognitive decrements associated with air pollution have substantial impacts on the 
effected individuals. A meta-analysis of studies relating cognitive function  measured 
in childhood or young adults to subsequent lifetime earnings found that a one IQ 
point decrease in ability was associated with a one percent reduction in  lifetime 
earnings, lower probability of attending college, and more time spent unemployed 
(Schwartz  1994 ). Hence the reduced cognitive ability due to air pollution exposure 
is an important consequence. Decreased cognitive function in the elderly is 

A. Elder et al.



283

 associated with faster onset of dementia, including Alzheimer’s disease. To see the 
importance of this, one paper has forecasted that a broadly applied intervention that 
delays the onset of Alzheimer’s disease by 2 years, could reduce the number of 
prevalent cases in the U.S. by about two million over a 40-year interval (Brookmeyer 
et al.  1998 ), which could result in substantial decreases in cost of care.   

10.4     Conclusions 

 In considering the impact of particulate air pollution on CNS health, there are 
 several key points to keep in mind. The fi rst of these relate to the disposition of 
particulates in the air and upon deposition in the respiratory tract. The four modes 
of typical traffi c-related ambient PM include coarse (2.5–10 μm), fi ne (≤2.5 μm) 
and ultrafi ne (≤0.1 μm) PM (ultrafi ne PM consists of two modes; see Fig.  10.1 ). 
Inhalation exposure targets all regions of the respiratory tract, with major deposition 
of UFP (included in fi ne particle fraction) in nasopharyngeal (<5 nm), tracheobronchial 
(~10–15 μm), and alveolar (~20 nm) regions; coarse particles (>2.5 μm) deposit to 
a high degree in the nasopharyngeal region. Secondly, translocation across the 
alveolo- capillary barrier of inhaled PM after deposition in the respiratory tract 
occurs at low dose rates for UFP only and, for larger PM, only at much higher 
deposited doses. Higher rates of translocation along sensory nerves of the upper 
respiratory tract, thus circumventing the tight BBB, have been demonstrated only 
for nano-sized particles (UFP). Thirdly, PM of all sizes can induce oxidative stress/
infl ammation at the portal of entry, the respiratory tract, and in secondary organs, 
depending on dose, preexisting disease, genetic factors, and age. Effects in secondary 
organs, including the CNS, can be due to direct translocation (for UFP) or to locally-
released infl ammatory mediators that distribute to the systemic circulation (all PM 
sizes) or via neurogenic stimulation of airway receptors (all PM sizes). CNS infl am-
matory changes, cognitive impairment, and behavioral changes have been demon-
strated following inhalation exposure to PM and to engineered nanoparticles in 
toxicological studies in rodents. Epidemiological studies show cognitive impairment 
and behavioral changes in association with PM exposure in children and adults. 
Lastly, UFP appear to have a greater potential to induce adverse CNS effects due to 
their ubiquitous nature and their propensity to reach this target site directly. Thus, 
exposure to inhaled PM – in particular UFP – may be causally related to the initia-
tion or progression of neurodegenerative diseases. 

 Several areas for future research can be identifi ed from the preceding text. First, 
little is known about the impact of epithelial barrier function on UFP delivery to 
secondary target tissues, like the brain. Other pollutants could perturb the barrier, 
which might have a role in the dose that gets delivered to the tissues and the 
translocation kinetics. The physicochemical properties of the PM that are associated 
with outcome severity are also largely unknown. This knowledge will contribute to 
an understanding of whether there is a set of common response mechanisms that act 
in an independent manner with respect to exposure or, alternatively, if the origins of 
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response are dependent on the physicochemical characteristics of the air pollution 
mixture. Similarly, by exploring the incidence and severity of CNS responses in 
different locations, information will be gained both about the universality of the 
fi ndings and about the components of PM and the pollutant mixtures that are 
 causally associated with the observed outcomes. Lastly, controlled studies should 
focus as much as possible on realistic mixtures and exposure concentration ranges. 
Effort should also be devoted towards understanding differences in response when 
high doses are delivered over an acute exposure period – which can overwhelm 
innate defenses and activate response pathways that would not normally be 
 operative – versus those that result from chronic, low-level exposures.     
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    Chapter 11   
 Air Pollution and Immune Function 

             Robert     M.     Tighe     ,     Jennifer     Wheeler     , and     John     W.     Hollingsworth     

11.1             Introduction 

 The lung is continuously exposed to the external environment. Appropriate 
responses to inhaled foreign material and toxicants are essential to homeostatic 
maintenance of the lung and survival of the host. This requires tight regulation of 
pulmonary immunity to direct appropriate microbial pathogen defense responses 
while limiting secondary lung injury. A growing body of research provides insight 
into how inhaled environmental exposures can alter normal immune system 
responses. These altered responses can either dampen or exacerbate the intensity of 
immune function and thereby contributing to the pathogenesis of numerous com-
mon human diseases. In this chapter, we provide an overview of recent advances in 
our understanding of the impact of air pollution on host immune function. 

 The immune system is broadly divided into innate and adaptive immunity. The 
innate immune system is a highly evolutionary conserved system designed for 
mediating the initial responses to pathogens or irritants. Innate response incorpo-
rates a variety of cells and cellular responses which direct not only clearance of 
pathogens and/or irritants but also initial infl ammatory cascades. These initial 
responses are dependent on germline encoded pattern recognition of pathogens or 
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endogenous motifs. These motifs direct cell specifi c responses which allow the host 
to respond to injury or irritants without the requirement of prior exposure. 
Alternatively, the adaptive immune system, or acquired immune system, allows the 
host to recognize prior exposures; and then augment subsequent responses to repeat 
exposures. This system, therefore, provides immunologic memory. This immuno-
logic memory allows the host to adapt and respond to recurrent challenges that are 
present in the environment. When the immune system works appropriately, there is 
an innate response which deals with the initial host-pathogen reaction. This then can 
contribute to the development of immunologic memory through the adaptive 
immune system. The adaptive immune system then allows the host to have a more 
vigorous and specifi c immune response in the setting of subsequent re-exposures to 
the pathogen or antigen. In addition, as was initially proposed by the late Charles 
Janeway ( 1989 ), there is communication or cross-talk between the innate and adap-
tive immune system, which provides the foundation for our current understanding 
of immunity. We now recognize that common environmental exposures can result 
in perturbations of either the innate or adaptive immune system and contribute to 
diseases pathogenesis. 

 In this chapter, we will focus on three major environmental pollutants: (1) particulate 
matter; (2) vehicle exhaust/diesel exhaust; and (3) ambient ozone. As summarized 
in Figs.  11.1  and  11.2 , we will defi ne the mechanisms that these environmental 
pollutants can modify innate and adaptive immune responses. In gaining insight into 

  Fig. 11.1    Innate immune response to air pollutants. Inhalation of environmental air pollutants 
results in exposure to pathogen associated molecular patterns (PAMP), release of damage associated 
molecular patterns (DAMP), and generation of reactive oxygen species (ROS). These conserved 
intermediates can result in activation of lung macrophages and airway epithelia. Activation of 
innate immunity results in alteration of epithelial barrier function, release of cytokines and growth 
factors, and the recruitment and maturation of infl ammatory cells       
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these basic mechanisms, we appreciate the broad and lasting impact of environmental 
exposures on human health and gain insight into potential means to mitigate adverse 
health consequences related to common urban air pollutants.    

11.2     Ambient Particulate Matter 

 Particulate matter (PM) refers to the composition of particles which are present in 
ambient air and represent a major environmental pollutant. Indoor and outdoor PM 
exposures are estimated to be the third and ninth respective leading cause of modifi -
able risk factor-related death world-wide (Lim et al.  2012 ). Current evidence 

  Fig. 11.2    Adaptive immune response to air pollutants. Inhalation of environmental air pollutants 
can facilitate activation of the adaptive immune system that can modify memory response to either 
pathogens or allergic antigens. Factors released after exposure to air pollution can facilitate adju-
vancy resulting in host sensitization to otherwise inert antigens and thereby generating an immu-
nological memory response. For example, exposure to air pollution can enhance sensitization to 
allergen by both enhancing antigen presentation and the polarization of T helper lymphocytes. 
This effect can promote allergic disease and exacerbate existing disease through enhanced infl ux 
of effector cells including eosinophil and mast cells. In allergic disease, these effects can enhance 
production of IgG, IgE, Th2 cytokines, and augment airway hyperresponsiveness (AHR)       
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supports that exposure to PM can alter both local and systemic immune response. 
In the respiratory system, these alterations in immune responses are associated with 
both increased admissions for respiratory ailments and respiratory related deaths 
(Atkinson et al.  2001 ; Schwartz  1995 ). PM-induced alterations in systemic immune 
responses are associated with both increased cardiovascular events and higher 
mortality rates (Pope et al.  2009 ; Eftim et al.  2008 ; Brook et al.  2010 ). These negative 
health effects occur with both short- and long-term PM exposures and can be 
mitigated by reducing PM exposure. However, because PM will never be completely 
excluded from the environment, better control of these health effects will require a 
comprehensive understanding of the mechanisms of innate and adaptive immune 
responses. 

11.2.1     PM and the Innate Immune System 

11.2.1.1     Barrier Function/Epithelial Cells 

 One of the primary functions of the lung is to provide a site for exchange of gasses, 
principally oxygen and carbon dioxide. As a consequence of this function in gas 
exchange, the lung is exposed on a continual basis to the external environment. 
Maintaining separation between the external environment and the host while pre-
serving the ability for gas exchange requires a thin, but intact barrier. This barrier is 
principally composed of epithelial cells. Epithelia along with alveolar macrophages, 
in the setting of a constant barrage of irritants, microbes and pollutants, principally 
function to maintain an intact barrier. The integrity of this barrier requires direct 
connections between epithelial cells which are mediated by epithelial cell barrier 
proteins.  In vitro  exposures of cultured human or rat epithelial cells to PM induce 
alveolar epithelial barrier dysfunction through oxidant mediated alteration in the 
barrier proteins: occludin and ZO-1 (Caraballo et al.  2011 ). In addition to altera-
tions in barrier proteins,  in vitro  PM exposure causes epithelial cell apoptosis which 
can also enhance epithelial permeability (Urich et al.  2009 ; Soberanes et al.  2006 ). 
Though these  in vitro  fi ndings suggest a link between epithelial permeability and 
PM exposure, this link has been more diffi cult to demonstrate  in vivo . For an exam-
ple, an  in vivo  exposure of PM 10  to healthy non-smokers demonstrated no evidence 
of enhanced permeability or alteration in lung function (Brauner et al.  2009 ). This 
discrepancy between  in vivo  and  in vitro  exposures likely refl ects challenges with 
present experimental models of PM exposure. One such concern is that PM-related 
health effects appear principally to exacerbate existing chronic cardiopulmonary 
conditions. Therefore, exposure to healthy humans in studies may not adequately 
refl ect the biological response in subjects with existing disease. It is also likely that 
 in vitro  models do not adequately replicate the normal complex lung biology that 
includes multiple cell types and crosstalk between these cells. For example, macro-
phages are critical for the phagocytosis of PM components. PM-induced phagocy-
tosis by macrophages can have broad direct and indirect effects on epithelial cell 
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function. One hypothesis is that PM phagocytosis can generate macrophage-derived 
infl ammatory and oxidant stress responses which then activate and modify epithe-
lial cells and barrier function. Another hypothesis is that the phagocytic capacity of 
macrophages becomes overwhelmed thereby allowing PM to come into contact 
with epithelial cells and exert direct detrimental effects to barrier function. Finally, 
in the setting of maximal macrophage PM phagocytosis, it appears that macrophage- 
derived anti-oxidant pathways become overwhelmed leading to oxidants-derived 
modifi cation of barrier function (Caraballo et al.  2011 ). 

 In addition to their important role in barrier function, epithelial cells are also a 
critical source of cytokines and growth factors in response to particulate matter. 
PM 10  exposure of primary human bronchial epithelial cells resulted in a dose- 
dependent increase in cytokine production (GM-CSF, IL-1β and IL-8) (Fujii et al. 
 2001 ). This cytokine release was most robust with PM 10  as compared to the fi ne 
and ultrafi ne particle components (Becker et al.  2005a ). Additionally, the epithelial 
cell cytokine response to PM appeared to be dependent on toll-like receptor 2 
(TLR2) (Becker et al.  2005b ). Interestingly, in this study, toll-like receptor 4 
(TLR4) signaling was not required for epithelial cell responses to PM. Evidence of 
intracellular signaling in epithelial cells by PM is supported by NF-κB activation, 
which is downstream of TLRs and appeared to be a contributing to cytokine release 
by epithelial cells (Churg et al.  2005 ; Dagher et al.  2007 ; Kennedy et al.  1998 ; 
Quay et al.  1998 ).  

11.2.1.2     Macrophages 

 Macrophages are central to the pulmonary response to inhaled particulates via their 
roles as scavenger cells and as central mediators of pulmonary immune responses. 
The two principal pulmonary macrophages, alveolar and interstitial macrophages, 
are critical components of the innate immune system and have been extensively 
studied in the setting of exposure to PM. PM exposure alters both macrophages 
phagocytic capacity and their ability to initiate immune responses. This effect on 
macrophage-derived immune responses occurs as a result of PM induced up- 
regulation of pattern recognition, and scavenger receptors and by activation of intra-
cellular pathways including NF-κB and MAPK. The combined effect results in 
activation of pro-infl ammatory cascades, which directs further local and systemic 
effects. 

 One of the principle functions of macrophages is phagocytosis. This function is 
critical in PM exposures. PM distributes throughout the tracheobronchial tree 
depending on size. Multiple mechanisms exist for clearance of particles in the lung 
including: chemical clearance, mucociliary clearance, lymphatic drainage, and 
phagocytosis (Oberdorster et al.  2005 ). Though phagocytosis occurs in other innate 
immune cells such as epithelial cells, macrophages are clearly the most effi cient cell 
type for this function. Macrophage-directed phagocytosis is therefore critical to 
protecting of the lung from the adverse effects of PM. 
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 In the setting of heavy PM exposure, it is evident that macrophages can be satu-
rated by particles and can become overloaded. Work by several investigators 
 highlighted that macrophages can become functionally overloaded by particles 
leading to adverse consequences (Miyata and van Eeden  2011 ; Oberdorster et al. 
 1992 ; Bellmann et al.  1992 ). One of the primary outcomes has been the observation 
that macrophages exposed to particles have reduced ability to clear a secondary 
exposure to pathogens. This observation is based primarily on  in vitro  studies where 
macrophages were exposed to PM of varying composition and then subsequently 
exposed to fl uorescently labeled yeast to monitor clearance (Becker and Soukup 
 1998 ,  2003 ; Becker et al.  2003 ). These studies demonstrated that there is not only a 
defect in internalization, but also in opsonization of pathogens after PM exposure. 
Though less well studied, PM exposure also appears to impair phagocytic function 
 in vivo  (Renwick et al.  2004 ). The specifi c mechanisms by which PM exposure 
causes impaired phagocytosis remains poorly defi ned. One potential explanation for 
the PM-induced impairment in phagocytosis is from the effect PM components 
including metals and/or LPS. Zhou and colleagues demonstrated that reactive oxi-
dant species, derived from soluble metals in PM 2.5 , appeared to responsible for 
impaired internalization, clearance and killing of  Streptococcus pneumonia  (Zhou 
and Kobzik  2007 ). Additionally, LPS, contained in PM 10 , also has the ability to 
reduce the phagocytic capacity of macrophages (Becker et al.  2003 ). PM alters 
receptor expression on the surface of macrophages and effects phagocytosis (Becker 
and Soukup  1998 ). Exposure to PM 10  resulted in lower expression of CD11b and 
CD29 in both alveolar macrophages and blood monocytes. Furthermore, CD14 was 
down-regulated in blood monocytes and CD11c was similarly down-regulated in 
alveolar macrophages. The expression of CD11b is critical for the proper binding of 
opsonized pathogens, which can then be phagocytized. CD14 is a co-stimulatory 
molecule for TLR4 signaling and is important for phagocytosis of gram negative 
bacteria (Grunwald et al.  1996 ). 

 One of the prime mediators of innate immune responses is that of pattern recog-
nition receptors (PRR). These receptors recognize specifi c molecular motifs called 
pathogen-associated molecular patterns. These PRRs can be further divided into 
PRRs which are critical to signaling and PRRs which are critical for opsonin- 
independent endocytosis. The TLRs are the critical signaling PRRs while the scav-
enger receptors are the primary endocytic PRRs. Both receptor families are critical 
to macrophage-derived innate immune responses to PM. 

 One of the principle functions of the TLRs is to initiate immune responses to 
those pathogens by identifying pathogen-derived microbial materials. Since many 
of these microbial components are found also in PM, it has long been felt that 
microbial components found in PM are responsible for PM-derived TLR signaling 
(Miyata and van Eeden  2011 ). Much of the work on PM-derived TLR signaling has 
focused on TLR2 and TLR4. Several lines of investigation have clearly demon-
strated that PM-induced cytokine production is dependent on both TLR2 and TLR4 
(Shoenfelt et al.  2009 ; Becker et al.  2002 ). Additionally, these TLR2 and TLR4- 
dependent cytokine responses were specifi c to certain size fractions of PM. It 
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appeared that PM 10  responses required TLR4 signaling while PM 2.5  required TLR2 
(Shoenfelt et al.  2009 ). This may have to do with the fact that LPS, the canonical 
TLR4 agonist, can be a component of PM 10  (Soukup and Becker  2001 ). Supporting 
this fi nding, the use of an LPS inactivator, polymyxin B, reduced the majority of the 
PM 10 -induced TLR4 signaling (Shoenfelt et al.  2009 ). Both the TLR2 and TLR4 
PM-induced effects require their common downstream adaptor protein MyD88. 
This activation of the TLRs then mediated a downstream cascade leading to cyto-
kine production. This downstream cytokine production is thought to be mediated 
primarily through the nuclear factor κ light chain enhancer of activated B cells (NF- 
κB) and activator protein 1 (AP-1) (Miyata and van Eeden  2011 ). 

 Phagocytosis of un-opsonized particles by macrophages is critical to the host 
ability to respond to inhalation of ambient particulate matter. Since PM is composed 
of several non-biologic components, which are not recognized by classic opsonin- 
dependent phagocytosis, un-opsonized phagocytosis is particularly critical to PM 
responses (Hiraiwa and van Eeden  2013 ). This type of phagocytosis is dependent on 
the scavenger-type receptors (Kobzik  1995 ). Previous work has defi ned two specifi c 
scavenger receptors: class A scavenger receptors (SR-A) and macrophage receptor 
with collagenous structure (MARCO) as being the predominant receptors for alveo-
lar macrophage-dependent non-opsonized particle phagocytosis (Arredouani et al. 
 2006 ; Palecanda et al.  1999 ). The loss of these receptor functions led to a defect in 
particle internalization and clearance. Despite the understanding of how scavenger 
receptors are important for the internalization of particles, less is understood about 
their effects on cellular responses. Furthermore, we are unaware of any studies, to 
date, of mixed exposures. Much of the evidence supporting the cellular effects has 
focused on single agent exposures such as silica, titanium dioxide, or latex beads. 
Interestingly, utilizing silica and titanium dioxide instillation models, it was demon-
strated that SR-A and MARCO expression is important for reducing TNF-α and 
neutrophil infl ux (Arredouani et al.  2006 ; Beamer and Holian  2005 ; Thakur et al. 
 2009 ). It is also known that TLR4 activation via a TLR4-MyD88-IRAK4 pathway 
causes an increase in SR-A expression (Chen et al.  2010 ; Xiang et al.  2009 ). SR-A 
activation may therefore be a mechanism by which PM host-responses are down- 
regulated, specifi cally TLR4 mediated activation (Mukhopadhyay et al.  2011 ). The 
specifi c intracellular mechanisms of this process and the direct connection to ambi-
ent PM  in vivo  remain to be elucidated, but scavenger receptors seem to contribute 
a critical role in the innate response to PM.   

11.2.2     PM and the Adaptive Immune System 

 Exposure to inhaled PM appears to modify adaptive immunity. However, the mech-
anisms are less well understood. The adaptive immune system is particularly impor-
tant for the development of allergic airway diseases such as asthma. Additionally, 
asthma prevalence is clearly increased in areas of elevated PM exposure (Brunekreef 
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and Forsberg  2005 ). This association between increased asthma prevalence and 
regions of high PM exposure suggests that PM may have a role modulating adaptive 
immune responses such as the development of allergic airways disease. 

 Development of allergy requires sensitization to antigen in context of an  adjuvant 
and subsequent challenge to antigen. Exposure to PM could impact either sensitiza-
tion or challenge to antigen. Evidence exists that PM can augment the development 
of allergic airways disease (Lippmann  2007 ; Bernstein et al.  2004 ; D’Amato et al. 
 2005 ). PM can function as an adjuvant (Kleinman et al.  2007 ; Steerenberg et al. 
 2003a ,  b ), which could impact the prevalence of allergic disease through increasing 
sensitization to otherwise inert antigens. The ability to act as an adjuvant is greatest 
in the UFP component of PM. This fraction can direct allergic infl ammation, aller-
gic sensitization and mucus production in mice (Li et al.  2009 ). These effects appear 
to be in part dependent on UFP-derived oxidant potential. 

 In addition to functioning as an adjuvant, PM can also direct the development of 
allergic airways disease by enhancing antigen presentation and T cell activation by 
macrophages and dendritic cells. Both pulmonary macrophages and dendritic cells 
have the ability to present antigen and generate adaptive immune responses. The 
presentation of antigen occurs through interaction of major histocompatibility com-
plex (MHC) with T-cell receptor (TCR) on antigen presenting cells (APCs). In nor-
mal human subjects, APCs appear to up-regulate MHC II expression with  in vivo  
PM exposure (Alexis et al.  2006 ). In addition to antigen presentation, T cells require 
a second signal to become fully activated, called a co-stimulatory signal. 
Co-stimulatory signals CD80/86 and CD40L are up-regulated in dendritic cells and 
monocytes after PM exposure (Becker and Soukup  2003 ; Williams et al.  2007a ). 
This PM-induced increase in co-stimulatory signals resulted in enhanced prolifera-
tion and cytokine production from alloreactive CD4+ T cells (Williams et al.  2007a ). 
This response appears to depend on the specifi c type of particle exposure. Ambient 
particulate matter, when compared to diesel exhaust particles or carbon black par-
ticles, generated a more robust allergic responses including eosinophilic infi ltration; 
Th2 cytokine release including IL-4, IL-5 and IL-13; and cell surface expression of 
co-stimulatory markers (Bezemer et al.  2011 ). 

 In addition to its effect on supporting the development of allergic airways dis-
ease, PM also appears to exacerbate pre-existing disease. A growing epidemiologic 
literature supports that PM causes increased admissions for asthma exacerbations 
and increased use of bronchodilator medications (Atkinson et al.  2001 ; Rabinovitch 
et al.  2006 ; Spira-Cohen et al.  2011 ; von Klot et al.  2002 ). These human epidemio-
logic fi ndings were also observed in an animal model where PM exposure exacer-
bated pre-existing experimental allergic airways disease (Wang et al.  2008 ). This 
PM induced exacerbation was associated with increased airway resistance, neutro-
phil and eosinophil infl ux, and enhanced IL-4, eotaxin and IL-5 production. The 
specifi c mechanism of this effect remains undetermined. The cumulative data high-
lights the ability of ambient PM to elaborate allergic airway disease via augmenta-
tion of the adaptive immune system.   
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11.3     Vehicular Traffi c/Diesel Exhaust 

 A major source of environmental air pollution is from vehicular traffi c. 
Epidemiological investigations have found associations between incidence and 
exacerbation of various airways diseases and proximity to major roadways. Due to 
the health implications of roadway exposures, research has focused on investigating 
how vehicular traffi c pollution impacts human health through modulation of innate 
and adaptive immune responses (Laumbach and Kipen  2012 ; Saxon and Diaz- 
Sanchez  2005 ; Riedl  2008 ). Traffi c-derived air pollution consists of a complex mix-
ture of noxious gases, such as sulfur dioxide and nitrogen dioxide, and carbonaceous 
particulate matter (PM) coated with organic chemicals, termed diesel exhaust par-
ticles (DEP) or diesel exhaust emissions (DEE, DE). DEP can range in size from 
nanoparticles to coarse (approximately 0.2 μm in size) and upon inhalation are 
deposited throughout the respiratory tree dependent on particle size (Oberdorster 
 1996 ). Further, the chemicals adsorbed on the surface of DEP include polycyclic 
aromatic hydrocarbons (PAH) and their derivatives, aliphatic hydrocarbons and 
aldehydes (Totlandsdal et al.  2012 ). It is important to note that there is not a univer-
sally accepted experimental DEP standard. Instead, a variety of sources, conditions 
and collection techniques have been employed to generate DEP for experimental 
use and therefore effects of DEP can vary considerably depending on these differ-
ences (McDonald et al.  2011 ; Stevens et al.  2009 ; Aust et al.  2002 ). Therefore, dif-
ferences in experimental outcomes in similar models must be further evaluated for 
differences in specifi c DEP composition and source. Given that immune responses 
are not simply governed by the action of one singular lineage, but rather involve 
complex cooperation between various cell types over time, the impact of DEP expo-
sure on a variety of immune and non-immune cell populations have been investi-
gated both in naïve and antigen challenge models. 

11.3.1     DEP and the Innate Immune System 

11.3.1.1     Lung Epithelial Cells 

 Airway epithelial cells act as a physical barrier to inhaled pathogens and pollutants 
and often are the fi rst line of defense against foreign molecules and pathogens. As 
such, innate immune responses are routinely initiated following epithelial cell expo-
sure to foreign agents. Many studies have investigated  in vitro  epithelial exposure to 
DEP and have found varying mechanism through which DEP could impact immune 
response activation. One of the most consistent fi ndings is that increased cytokine 
and chemokine levels are observed upon epithelial cell exposure to DEP. Specifi cally, 
dose-dependent increases in both GM-CSF and IL-8 were found following DEP 
exposure of primary human airway epithelial cells (nasal and bronchial) as well as 
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immortalized BEAS-2B cells (Ohtoshi et al.  1998 ; Bleck et al.  2006 ). In a separate 
study, increased message levels of IL-6 and IL-8 were observed in human BEAS-2B 
cells exposed to DEP (Totlandsdal et al.  2010 ). These studies support that DEP 
exposure may affect immune cell recruitment or maturation through altered cyto-
kine production. Indeed, co-culture of DEP-exposed, primary human bronchial epi-
thelial cells with immature dendritic cells (DC) induced dendritic cell maturation 
via GM-CSF (Bleck et al.  2006 ). These mature DC were then shown to elicit T cell 
differentiation, whereas DC cultured with unexposed epithelial cells or DC directly 
exposed to DEP had no effect on T cell differentiation (Bleck et al.  2006 ). This fi nd-
ing suggests an important role of DEP interaction with epithelia in DC maturation. 
Additionally, the frequency of monocytes, conventional DC’s (cDC) and infl amma-
tory DC’s was elevated following DEP exposure in mice compared to saline con-
trols (Provoost et al.  2012 ). Further, this DEP mediated recruitment was shown to 
be regulated by CCR2, a critical receptor for CC cytokines such as CCL2 which is 
produced by respiratory epithelial cells. Another study has linked CCR7 to regulat-
ing DC recruitment to draining lymph nodes following DEP treatment in mice 
(Provoost et al.  2010 ). Collectively, these fi ndings support a major role of epithelial 
cells following DEP exposure in producing factors which regulate DC maturation 
and migration.  

11.3.1.2     Myeloid Immune Cells 

 Like epithelial cells, innate immune cells such as macrophages, monocytes, neutro-
phils, and DCs, are critical sentinels of the immune system. DCs are of particular 
importance due to their role in initiating adaptive immune responses to pathogens 
and foreign stimuli. In addition to affecting DC function indirectly through impact 
on epithelial cells, DEP exposure has been shown to directly impact human DC 
phenotype and function. DCs exposed to DEP have been shown to increase expres-
sion of markers of activation and maturation CD40, CD80 and CD86 (Porter et al. 
 2007 ). In fact, when compared to treatment with CD40L, a known inducer of DC 
maturation, similar patterns of surface protein expression are observed following 
DEP exposure to DCs (Porter et al.  2007 ). Interestingly, while mature DC have been 
shown to have reduced uptake of extracellular antigens compared to immature DC, 
DEP exposed DC have elevated fl uorescein isothiocyanate (FITC) dextran uptake 
than non-exposed (Porter et al.  2007 ). These fi ndings suggest that DEP induces a 
heightened activated state in DC, while still allowing endocytosis. Similar to results 
in epithelial cells, DEP also directly alters cytokine production in naïve DCs (Porter 
et al.  2007 ). Increased production of TNFα, IL-12, IL-6 and IL-18 were observed 
following DEP treatment of DCs (Porter et al.  2007 ; Braun et al.  2010 ). Intriguingly, 
some studies have found that direct DC exposure to DEP does not affect some or 
any aspects of DC phenotype, cytokine production or function (Provoost et al.  2010 ; 
Braun et al.  2010 ). In these studies, bone marrow derived DCs (BMDC) were 
exposed to DEP, as opposed to Porter et al., which investigated the impact of DEP 
exposure on human-derived blood DC populations. These fi ndings suggest that 
there could be species-specifi c sensitivities to DEP. 
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 Macrophages and monocytes have also been shown to be functionally altered by 
DEP exposure. Like DC’s, macrophages are known to phagocytose DEP (Hiura 
et al.  1999 ). Organic extracts of DEP induced the production of reactive oxygen 
species (ROS) and apoptosis of macrophages (Hiura et al.  1999 ,  2000 ). Interestingly, 
human monocyte derived macrophages (MDM) cultured in the presence of DEP 
also had increased cell death compared to control (Chaudhuri et al.  2012 ). 
Furthermore, these MDM had reduced expression of CD14, CD11b, HLA-DR, and 
CD86 (Chaudhuri et al.  2012 ). DEP exposure also affects the physical appearance 
of macrophages. In a chronic model of DEP exposure in rats, 2 years of daily DEP 
exposure caused smoothing of the surface of alveolar macrophages, whereas fi ltered 
air control macrophages had a ruffl ed exterior. However, the functional signifi cance 
of this change in morphology was not evaluated (Castranova et al.  2001 ). 
Interestingly, it appears that naïve NK cells are also sensitive to DEP exposure, 
showing altered cytokine release and cell-killing proteins granzyme B and perforin 
(Muller et al.  2013a ). Collectively, these studies suggest that DEP may differentially 
affect immune cell populations in a cell type specifi c manner.   

11.3.2     Effects of DEP on Pathogen Immunity and Asthma 

 In addition to affecting aspects of innate immunity, DEP exposure has also been 
shown in several models to modulate immune responses to a variety of secondary 
challenges. Specifi cally, bacterial and viral infection models as well as sensitization 
to allergens have been shown to be affected following DEP exposure in both rodents 
and humans. While the mechanisms underlying these effects have not been well 
established, certain pathogen response pathways have been documented to be sensi-
tive to DEP-mediated immunomodulation. 

11.3.2.1     Bacteria and Bacterial Products 

 Lipopolysaccharide (LPS) is a major component of the outer membrane of gram 
negative bacteria and often used as a powerful inducer of immune responses. The 
frequency of human peripheral blood monocytes producing IFNγ, TNF-α, IL-6 
IL-10 and IL-1β is reduced following co-exposure of DEP and LPS  in vitro  (Sarkar 
et al.  2012 ). Further, both DEP and the organic extracts of DEP inhibited the LPS- 
mediated production of both IL-1 and TNF-α following  in vitro  exposure to rat 
alveolar macrophages. Importantly, this study demonstrated that exposure to DEP 
either  in vivo  or  ex vivo  prior to LPS stimulation modulated cytokine production by 
macrophages (Castranova et al.  2001 ). 

  Mycobacterium tuberculosis  infection has been studied following both chronic 
and acute DEP exposure in mice and human cells. Although modest changes in 
cytokine gene expression were observed in whole lung tissue, at 6 months pathogen 
load in the lungs were elevated in mice chronically exposed to DEP (Hiramatsu 
et al.  2005 ). Human peripheral blood monocytes (PBMC) have been shown to 
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uptake both DEP and  M. tuberculosis  bacteria in the same region of the cell, which 
could indicate that DEP may interact directly with the mycobacterium (Sarkar et al. 
 2012 ). Further, co-exposure of PBMC with DEP and  M. tuberculosis  causes a dose- 
dependent decrease in the frequency of IFNγ, IL-6 and IL-1β positive cells. Along 
with reduced cytokine induction, DEP pre-treatment down-regulated  TLR3 ,  TLR4 , 
 TLR7 and TLR10  gene expression in  M. tuberculosis  infected PBMC (Sarkar et al. 
 2012 ). Taken together, these fi ndings demonstrate that DEP is a potent suppressor 
of bacterial responses. 

 Another model of bacterial infection that is known to be sensitive to DEP expo-
sure is  Listeria monocytogenes . Acute exposure to DEP increased bacterial burden 
in the lungs of  Listeria  infected rats at day 5 and 7 post infection, while exposure to 
carbon black did not affect bacterial burden at these time points (Yang et al.  2001 ). 
Yin et al. also reported elevated bacterial burden of  Listeria  in the lungs of rats 
exposed to DEP for 4 days prior to infection, with signifi cantly more bacteria at day 
7 post-infection (Yin et al.  2005 ). This study also found reduced numbers of CD4 +  
and CD8 +  T cell in lung draining lymph nodes at this same time point.  Ex vivo  
stimulation of lymphocytes from chronically exposed rats demonstrated reduced 
levels of both IL-2 and IFNγ, cytokines important to adaptive immunity against 
pathogens. Additionally, DEP exposure has been shown to cause dose-dependent 
decreases in both bactericidal function and bacterial uptake by rat alveolar macro-
phages (Yin et al.  2007 ). These studies suggest that DEP can impact both innate and 
adaptive immunity against bacteria, which taken together could explain the elevated 
bacterial burden following DEP exposure.  

11.3.2.2     Viral Infection 

 DE exposure has also been shown to affect viral clearance in the lungs of experi-
mental animals. Elevated respiratory syncytial virus (RSV) gene expression is 
detected in the lungs of high dose DE exposed mice (1,000 μg/m 3 , 6 h/day, 7 days) 
compared to low dose (30 μg/m 3 , 6 h/day, 7 days) and air exposed controls at 4 days 
post infection (Harrod et al.  2003 ). Further, increased infl ammation is observed in 
lungs from the high dose group compared to air control as well as increased levels 
of both TNFα and IFNγ in both the low and high dose DE exposures. 

 Similar to what has been observed following RSV infections, DEP mediated 
effects are also observed in several models of infl uenza virus infection. Elevations 
in viral load up to day 8 post infection were observed in the lungs of infl uenza virus 
infected mice exposed to DE (500 mg/m 3  4 h/day, 13 days) when compared to 
infected air controls (Gowdy et al.  2010 ). Elevations in pulmonary infl ammation 
have also been demonstrated in this model, as measured by elevated neutrophil 
numbers, protein concentration and histopathological score 4 days after infection 
(Gowdy et al.  2010 ). Also similar to what has been observed with  Listeria  infection, 
DE exposure also modulates key adaptive immune cytokines during infl uenza virus 
infection, including IFNγ and IL-4 (Gowdy et al.  2010 ). The impact of DE on  infl uenza 
virus infection of human cells has also been investigated. Human epithelial cells 
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(nasal and immortalized A549) treated with DE had increased attachment of infl uenza 
virus compared to control (Jaspers et al.  2005 ). Additionally, DE treatment of A549 
cells resulted in higher numbers of infected cells compared to control cells exposed 
to the virus (Jaspers et al.  2005 ). Finally, in human volunteers infected with live 
attenuated infl uenza virus, those exposed to DE had elevated IFNγ in nasal lavage 
fl uid compared to air exposed individuals (Noah et al.  2012 ).  

11.3.2.3     Asthma and Allergy 

 Over the past two decades, the level of ambient air pollution, including diesel 
exhaust emissions have been associated with the prevalence of asthma and allergy 
in industrialized nations (Riedl  2008 ; Clark et al.  2010 ; Ring et al.  2001 ; Riedl and 
Diaz-Sanchez  2005 ). DEP is known to exacerbate hallmark allergic phenotypes in 
sensitized mice including eosinophil and neutrophil recruitment, allergen-specifi c 
antibody levels (IgG and IgE), Th2 cytokines (IL-4, IL-5), airway infl ammation and 
airway responsiveness to acetylcholine (Stevens et al.  2009 ; Kim et al.  2011 ; 
Matsumoto et al.  2006 ; Inoue et al.  2008 ). Mice sensitized to the house dust mite 
(HDM) allergen  Dermatophagoides pteronyssinus  (Der p1) and co-exposed to DEP 
had elevated airway responsiveness to acetylcholine, increased numbers of eosino-
phils and neutrophils in the lung and enhanced Der p1-specifi c IgG levels compared 
to mice sensitized with Der p1 alone (Takahashi et al.  2010 ). Additionally, these 
effects were observed when mice were dosed with DEP throughout sensitization 
and challenge with Der p1 as well as when exposure was only during the fi rst 2 days 
of sensitization, suggesting that DEP may not only exacerbate pre-existing allergic 
phenotypes, but could act as an adjuvant to induce sensitization to novel allergens. 
This adjuvant effect of DEP and road traffi c exposure has also been shown using 
other potential allergens, such as ovalbumin (OVA) and keyhole limpet hemocyanin 
(KLH) in both mice and humans (Samuelsen et al.  2008 ; Diaz-Sanchez et al.  1999 ).   

11.3.3     Mechanistic Insights 

 It is abundantly clear that exposure to DEP or DE can impact immune function; how-
ever the exact mechanistic causes of immunomodulation are not entirely defi ned. 
However, mounting evidence suggest that oxidative stress caused by DEP exposure 
could play a signifi cant role. Specifi cally, DEP exposure has been shown to increase 
production of reactive oxygen species (ROS) (Hiura et al.  1999 ; Baulig et al.  2003 ; 
Wu et al.  2012 ). Further, DEP-mediated increases in ROS have been linked to eleva-
tions in cytokines such as GM-CSF (Baulig et al.  2003 ), with free radical scavenger 
treatment abrogating DEP and DE extract specifi c increases in cytokine production 
in human epithelial cells (Boland et al.  2000 ). Importantly, in this study cells 
exposure to carbon black did not show elevations in GM-CSF, again illustrating 
the importance of the chemical composition of the DEP on immune outcome and 
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responses. DEP exposure may elicit effects through a number of cell signaling 
pathways critical to cytokine induction. Boland et al. demonstrated DEP- mediated 
increases in GM-CSF to be largely dependent on tyrosine kinase signaling (Boland 
et al.  2000 ). Other kinase pathways and related downstream signaling transcription 
factors have also been shown to be sensitive to DEP, including p38 mitogen activated 
protein kinase (MAPK), NF-κB, and AP-1 (Hiura et al.  1999 ; Boland et al.  2000 ; 
Xiao et al.  2003 ; Pourazar et al.  2005 ; Hashimoto et al.  2000 ; Takizawa et al.  1999 ). 
Finally, some DEP induced changes in cytokine induction may be caused indirectly 
through miRNA induction (Jardim et al.  2009 ). DEP induces both thymic stromal 
lymphopoietin (TSLP) and the human microRNA (hsa-miR)-375 in primary human 
bronchial epithelial cells (pHBEC). In this same study, synthetic has-mir-375 was 
also shown to induce TSLP, suggesting a possible mechanistic link between DEP 
exposure and TSLP synthesis (Bleck et al.  2013 ). As noted throughout this section, it 
is clear the DEP-mediated effects on immune function are complex and the specifi c 
mechanisms through which DEP exert their effects are likely related to the dose and 
source DEP, but also the specifi c cell type and pathogen challenge.   

11.4     Ambient Ozone 

 Ground level ambient ozone is generated through the interaction between pollutants 
generated by the combustion of fossil fuels which are then exposed to UV light. 
Inhalation of ambient ozone can impact pulmonary health through changes in pul-
monary function, bronchial reactivity, epithelial permeability (Que et al.  2011 ), air-
way infl ammation (Basha et al.  1994 ; Koren and Bromberg  1995 ; Scannell et al. 
 1996 ; Balmes et al.  1997 ; Peden et al.  1997 ), and altered clearance of live pathogens 
(Goldstein et al.  1971 ; Aranyi et al.  1983 ; Gilmour et al.  1993 ; Miller and Ehrlich 
 1958 ; Thomas et al.  1981 ; Van Loveren et al.  1988 ). In epidemiological studies, 
exposure to increased levels of ambient ozone has been associated with increased 
mortality (Bell et al.  2004 ; Jerrett et al.  2009 ). Susceptibility to ozone has been asso-
ciated with young age (Sheffi eld et al.  2011 ; Strickland et al.  2010 ), elderly with 
predisposing cardiopulmonary diseases (Zanobetti and Schwartz  2011 ), and indi-
viduals participating in outdoor physical exercise (Carlisle and Sharp  2001 ). While 
there are likely multiple mechanisms that ozone adversely impacts health, growing 
evidence to support that ambient ozone can modify host immune function. 

11.4.1     Ozone and Innate Immunity 

 We now recognize that inhalation of ambient ozone can alter many components of 
innate immunity (Hollingsworth et al.  2007 ; Li et al.  2013 ; Al-Hegelan et al.  2011 ) 
and alters host defense to live pathogens (Goldstein et al.  1971 ; Aranyi et al.  1983 ; 
Gilmour et al.  1993 ; Miller and Ehrlich  1958 ; Thomas et al.  1981 ; Van Loveren 
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et al.  1988 ). Innate immunity is an evolutionarily conserved fi rst line of defense 
against pathogens, which consists of anatomical barriers, a variety of cell types, and 
specifi c proteins (soluble proteins and receptors) that recognize pathogen- associated 
molecular patterns. It is also recognized that innate immune signaling can regulate 
adaptive immunity. 

11.4.1.1    Airway Epithelia 

 Exposure to ambient ozone alters the airway epithelia resulting in loss of ciliary 
function (Stephens et al.  1974 ) that is associated with defects in mucociliary clear-
ance (Foster et al.  1987 ). Inhalation of ozone additionally results in disruption of the 
epithelial barrier as measured by increased airway epithelial permeability (Foster 
and Stetkiewicz  1996 ; Kehrl et al.  1987 ). Both intact barrier and mucociliary func-
tion are required to provide innate protection against numerous pathogens and helps 
facilitate clearance of inhaled foreign material. We now recognize that the airway 
epithelia can additionally function as an initial sensor resulting in signal transduc-
tion and in some contexts can function as a regulator of immune function (Hippenstiel 
et al.  2006 ; Diamond et al.  2000 ). Direct ozone challenge of human epithelial cell 
lines in culture conditions resulted in release of pro-infl ammatory mediators under 
most (Devlin et al.  1994 ; Nichols et al.  2001 ; Rusznak et al.  1996 ; Jaspers et al. 
 1998 ; Voynow et al.  2009 ), but not all experimental conditions (Wang et al.  2006 ; 
Manzer et al.  2006 ). Similar increases in pro-infl ammatory cytokines in the airspace 
are observed in human exposures to ozone under controlled experimental condi-
tions (Devlin et al.  1991 ). Recent work support that direct exposure of human air-
way epithelia to ozone induces a pro-infl ammatory response in a manner dependent 
on activation of MAP kinases, but not NF-κB (McCullough et al.  2014 ). However, it 
is most likely that there are both direct and indirect effects of ozone on airway epi-
thelia. Indirect effects of ozone need to be considered as it remains unclear whether 
reactive ozone can diffuse across the airway and alveolar lining fl uid (Pryor  1992 ). 
It has been recognized that ozone exposure can result in formation of biologically 
active oxysterols during ozonolysis of cholesterol present in lung surfactant (Pulfer 
and Murphy  2004 ). It is now recognized that some lipid ozonation products can 
function as signal transduction molecules (Pryor et al.  1995 ; Leikauf et al.  1995 ). In 
addition to ozone modifying soluble factors, ozone can induce macrophage-derived 
IL-1α that can indirectly activate lung epithelia (Manzer et al.  2008 ). Together these 
fi ndings support both direct and indirect effects of ambient ozone on epithelial cell 
function.  

11.4.1.2    Myeloid Immune Cells 

 Resident interstitial and alveolar macrophages are central to innate immunity. 
Macrophage function in the lung can be regulated by either activation status or 
newly recruited sub-populations of macrophages in the lung after inhalation 
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exposure. While cell culture studies cannot reconstitute the complex cell networks 
and microenvironment in the lung, cell culture studies do support that macrophages 
are highly sensitive to direct challenge with ozone (Janic et al.  2003 ). Macrophage 
function is signifi cantly altered after exposure to ozone including; decreased phago-
cytosis of particulate immune complexes, enhanced production of prostaglandin E2, 
increased superoxide production. These functional changes in macrophages are 
associated with impaired antimicrobial host defense (Gilmour et al.  1993 ; Gilmour 
et al.  1991 ). However, additional studies of alveolar macrophage exposure to ozone 
generate inconsistent results with either enhanced (Arsalane et al.  1995 ; Ishii et al. 
 1997 ; Larini and Bocci  2005 ) or reduced cytokine production (Devlin et al.  1994 ; 
Becker et al.  1991 ; Janic et al.  2005 ). Reported fi ndings may be resultant from dif-
ferences in experimental protocols. However, numerous pro-infl ammatory cyto-
kines that can be produced by macrophages have been associated with functional 
response to ozone in mouse models. 

 Inhalation of ozone induces the release of a number of cytokines into the lung 
that are largely derived from myeloid lineages of cells including; TNFα, IL-1, IL-6, 
keratinocyte chemo-attractant (KC), and osteopontin. Elegant pioneering work 
demonstrate that TNFα release after inhalation of ozone in mice contributes to both 
neutrophil infl ux into the lung (Kleeberger et al.  1997 ) and AHR (Cho et al.  2001 ; 
Shore et al.  2001 ), in part, through activation of both NF-κB and MAPK / AP-1 
signaling pathways (Cho et al.  2007 ). The role of TNFα is further supported by 
evidence supporting that human genetic variation within the promoter of TNFα 
(G-308A) was associated with the response to ozone in both adult human subjects 
(Yang et al.  2005 ) and children with asthma (Li Kam Wa et al.  1999 ). In addition to 
TNFα, IL-1 signaling contributes to innate immune response. IL-1ß is released by 
macrophages after direct exposure to ozone (Arsalane et al.  1995 ) and studies in 
mouse models support the role of IL-1 signaling in both ozone-induced lung injury 
and AHR (Wu et al.  2008 ; Park et al.  2004a ; Johnston et al.  2007 ; Verhein et al. 
 2008 ). IL-6 is released into the airspace after inhalation of ozone in mice (Vincent 
et al.  1996 ; Shore et al.  2002 ; Samet et al.  2001 ) and evidence support a role for 
IL-6 in airway epithelial injury (Yu et al.  2002 ), recruitment of neutrophils into the 
airspace, and expression of TNFα (Johnston et al.  2005 ). Interestingly, there also 
appears to be a relationship between the role of IL-6 in response to ozone and adi-
ponectin (Kasahara et al.  2014 ). KC, the mouse counterpart to human IL-8, is 
released after inhalation of ozone (Park et al.  2004a ) or stimulation by TNFα 
(Ohmori et al.  1993 ). While the specifi c functional role of KC in response to ozone 
remains unknown, CXCR2 ( a receptor for KC ) is required for PMN recruitment and 
AHR after exposure to ozone (Johnston et al.  2005 ). Osteopontin is both an intracel-
lular and secreted protein released in many infl ammatory conditions with divergent 
functions including immune modulation. Recent work demonstrates that  osteopontin 
contributes to both neutrophilic infl ammation and AHR after ozone exposure 
(Barreno et al.  2013 ). The functional relevance of these pro-infl ammatory cytokines 
in human ozone-induced airways disease remains poorly understood. Together, 
these fi ndings support that TNFα, IL-1, IL-6, KC, and OPN may contribute to the 
biological response to ambient ozone. 
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 In addition to specifi c cytokines, progress has been made to identify some of the 
mechanisms that regulate macrophage function after ozone. For example, previous 
work in an animal model demonstrates through identifi cation of enhanced expres-
sion after ozone exposure a novel functional consequence for the macrophage 
receptor with collagenous structure ( marco ).  Marco  functions by promoting the 
uptake of ozone-derived surfactant oxidation products in the airspace (Pulfer and 
Murphy  2004 ; Dahl et al.  2007 ). Marco-defi cient mice (when compared to wild- 
type) demonstrate enhanced oxidative stress after exposure to either ozone or oxi-
dized pro-infl ammatory lipids. This fi nding suggests that inhalation of ozone can 
directly alter macrophage phenotype. This response refl ects either activation of resi-
dent macrophages or introduction a new population of macrophages into the lung. 
Data are emerging that support macrophage sub-populations have functional conse-
quences in lung host defense. Whether there is a role for activation of resident mac-
rophages or for newly recruited macrophages into the lung after ozone exposure 
remain poorly understood. In summary, the role of macrophages in context of ambi-
ent ozone remains complex and incompletely understood. Appreciation of the func-
tional role of specifi c sub-populations of lung macrophages may provide insight 
into human health and disease. 

 While classically associated with adaptive immune response, lymphocytes con-
tribute to the release of soluble cytokines that could impact the functional response 
to ozone. Similar to other cell types, studies in animal models demonstrate exposure 
to ozone appears to have a toxic effect on lymphocytes as measured by reduced 
weights of lymphoid organs (Fujimaki et al.  1984 ; Dziedzic and White  1986a ,  b ) 
and attenuated immunologic responses of T-lymphocytes (Van Loveren et al.  1988 ; 
Fujimaki et al.  1987 ). Several compelling studies in animal models support the 
functional role of T cells in response to ozone. CD4+ lymphocytes are required for 
the complete infl ammatory response to ozone (Chen et al.  1995 ). γδ T cells appear 
to prevent epithelial injury (King et al.  1999 ) and contribute to AHR in a manner 
partially dependent on TNFα (Matsubara et al.  2009 ). iNKT-cells appear to be an 
important source of pro-infl ammatory cytokines (Kronenberg  2005 ) and are required 
for ozone-induced AHR in a manner dependent on IL-17 (Pichavant et al.  2008 ). 
Emerging evidence suggests other host factors including obesity and level of adipo-
nectin may infl uence the IL-17 / γδ T cell axis (Kasahara et al.  2012 ). The IL-17 
receptor contributes to AHR after chronic exposure to inhaled ozone in a manner 
likely related to activation of p38 MAPK (Pinart et al.  2013 ). The translational 
 relevance of these fi ndings in humans remains poorly understood. For example, a 
recent study in healthy human volunteers did not demonstrate a benefi t of anti-IL-17 
antibody therapy to attenuate ozone-induced airway neutrophilia (Kirsten et al. 
 2013 ). Direct exposure of human peripheral blood mononuclear cells to ozone dem-
onstrates increased natural killer (NK) cell cytotoxicity (Kucuksezer et al.  2014 ). 
However, ozone modifi cations of human NK function may be dependent on complex 
interaction with airway epithelia (Muller et al.  2013b ). Together these fi ndings 
support a role for lymphocytes in the biological response to ozone.  
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11.4.1.3    Innate Immunity 

 A number of genes that regulate innate immune responses are critical to the biologi-
cal response to ozone. The response to inhalation of ozone is now recognized to be 
dependent on surfactant proteins (SP-A, SP-D), complement, and toll-like receptor 
(TLR2, TLR4) signaling pathways. 

   Surfactant Proteins 

 SP-A and SP-D are C-type lectins (collectins) that are considered pattern recogni-
tion receptors of the innate immune system. Susceptibility to ozone-induced airway 
infl ammation is associated with low levels of SP-D (Kierstein et al.  2006 ). Numerous 
studies support that SP-A defi cient mice are more susceptible to detrimental effects 
after inhalation of ozone (Mikerov et al.  2008a ,  b ,  2012 ; Haque et al.  2007 ). Both 
SP-A and SP-D are well recognized as potent inhibitors of oxidative cellular injury 
and lipid peroxidation (Bridges et al.  2000 ). As previously mentioned, some lipid 
ozonation products can function as signal transduction molecules (Pryor et al.  1995 ; 
Leikauf et al.  1995 ). Collectin protection against lipid ozonation could provide an 
explanation for the observed phenotypes in SP-A and SP-D knock-out animals 
(Pryor et al.  1995 ; Leikauf et al.  1995 ). Furthermore, the function of SP-A can be 
altered by ozone-induced oxidation of itself (Wang et al.  2002 ; Mikerov et al.  2008c ; 
Stagos et al.  2007 ) possibly contributing to ineffective macrophage phagocytosis of 
bacterial pathogens (Mikerov et al.  2005 ,  2007 ,  2008a ,  b ). Together, these fi ndings 
support that intact SP-A and SP-D provide protection against ozone-induced lung 
injury and maintain antibacterial host defense.  

   Complement 

 The complement system is composed of approximately 30 proteins and protein 
fragments which can initiate innate immune response through recognition of patho-
gens or tissue injury. Central to the complement-derived immune responses are the 
cleavage C3 and C5 to generate immune activating intermediates C3a/b, and C5a/b 
(Janeway et al.  2001 ). Human exposure to ozone resulted in an increased level of 
C3a in bronchoalveolar lavage (BAL) fl uid (Devlin et al.  1996 ). Studies in a mouse 
model support that complement activation is critical to airway hyperresponsiveness, 
neutrophil recruitment, and cytokine production after inhalation of ozone (Park 
et al.  2004b ). The role of complement in airways disease is quite complex (Schmudde 
et al.  2013 ). Both C3a and C5a are recognized as pro-infl ammatory. However, C5 
can also function to protect against the development of airway disease in an allergic 
mouse model (Karp et al.  2000 ). The mechanisms, by which, complement regulates 
the response to ambient ozone and the subsequent impact on adaptive immunity 
remains incompletely understood.  
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   TLRs 

 Toll-like receptors are a highly evolutionarily conserved family of pattern recogni-
tion receptors (PRR) that recognize either pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns (DAMPs). Studies utilizing 
mice defi cient in TLR4 support an important role of innate immunity in ozone- 
induced lung injury (Kleeberger et al.  2001 ; Connor et al.  2012 ) and AHR 
(Hollingsworth et al.  2004 ; Williams et al.  2007b ). Activation of the TLR4 receptor 
results in activation of a pro-infl ammatory signaling cascade (Kawai and Akira 
 2010 ). In addition to TLR4, TLR2 is functionally important to the complete response 
after ozone inhalation (Williams et al.  2007b ). MyD88 is a shared downstream 
adaptor molecule for both TLR4 and TLR2. Previous work supports that the 
response to ozone is partially dependent on the conserved downstream adaptor mol-
ecule MyD88 (Williams et al.  2007b ). It remains possible that additional TLR 
receptors contribute to the response to ozone. The NF-κB pathway is activated with 
inhalation of ozone, as well as, signaling that is dependent on NF-κB (Chung and 
Adcock  2000 ; Punjabi et al.  1994 ; Xie et al.  1994 ). NF-κB is composed of multiple 
subunits including p50 and p65. Upon activation the subunits translocate to the 
nucleus and bind DNA resulting in gene expression. Ozone inhalation in mice 
results in activation of NF-κB in multiple cell types. Previous work using the p50−/− 
reported reduction in lung injury supporting that NF-κB activation is functionally 
important after ozone inhalation (Fakhrzadeh et al.  2004 ). Together, these fi ndings 
support an evolving paradigm where ozone (either directly or indirectly) activates 
the surface receptors TLR2 and TLR4 resulting in MyD88-dependent activation of 
NF-κB with transcription of pro-infl ammatory factors (including TNFα, IL-1, IL-6), 
which contribute to the complete response to ozone.    

11.4.2     Ozone and Adaptive Immunity 

 In this section, we briefl y highlight asthma as an example of a prototypic adaptive 
immunological response that has been well studied in context of exposure to ambi-
ent ozone (see Chap.   4    ). There is considerable overlap between the biological 
response to ozone and ambient particles (PM and DEP) with regard to the impact of 
air pollution on adaptive response. The allergic response in the lung is dependent on 
initial sensitization to an otherwise inert antigen and an immunological memory 
response (or adaptive immunological response) to subsequent exposure by that 
same antigen. Results from animal studies remain confl icting with regard to the 
overall impact of air pollution on allergic asthma, which is likely related to differences 
in the timing, dose, and duration of co-exposures (Last et al.  2004 ; Depuydt et al. 
 2002 ; Wagner et al.  2002 ; Ozawa et al.  1985 ). However, it appears that ozone may 
have a dual effect of both functioning as an adjuvant facilitating sensitization to 
potential allergens, as well as, exacerbating existing allergic airways disease. Given 

11 Air Pollution and Immune Function

http://dx.doi.org/10.1007/978-1-4471-6669-6_4


308

changes in global climate and predictions of elevated levels of ozone, understanding 
the relationship between ozone and allergic asthma could have important implica-
tions to global health. 

 First, we will consider the evidence supporting that ozone could modify sensi-
tization to otherwise inert antigen. To our knowledge, these studies are exclu-
sively performed in animal model systems. Using the OVA model of allergic 
airways, ozone has been demonstrated to enhance the priming effect in mice to 
both inhaled (Neuhaus-Steinmetz et al.  2000 ) and systemic OVA challenge 
(Osebold et al.  1980 ,  1988 ; Gershwin et al.  1981 ). In monkeys, ozone exposure 
enhances allergen sensitization to both house dust mite allergen (Schelegle et al. 
 2003 ) and platinum (Biagini et al.  1986 ). Cumulatively, these data support that 
ambient ozone can enhance priming effect to otherwise inert antigens. The mech-
anisms that ozone alters sensitization to antigens remains poorly understood. 
However, it is now recognized that activation of innate immune response contrib-
utes to airway sensitization to otherwise inert antigens (Wilson et al.  2009 ; 
Eisenbarth et al.  2002 ). Previous work supports that ozone can both activate innate 
immunity and can function as a weak adjuvant during airway sensitization to OVA 
in a manner partially dependent on TLR4 (Hollingsworth et al.  2010 ). Together 
animal studies suggest that inhalation of ozone could enhance airway priming of 
allergic responses. 

 Second, there are considerably more evidence supporting that inhalation of 
ozone can enhance the severity of existing asthma (Bernstein et al.  2004 ; Bartoli 
et al.  2013 ). Epidemiological studies in asthmatic patients support a relationship 
between levels of ambient ozone and respiratory symptoms (Stenfors et al.  2010 ). 
High levels of ambient ozone have been associated with enhanced the frequency of 
emergency room visits and hospitalizations in patients with asthma (Ji et al.  2011 ; 
Glad et al.  2012 ). Associations in epidemiological studies are supported by numer-
ous animal models that demonstrate worsening severity of allergic disease with 
ozone co-exposure (Steerenberg et al.  1996 ; Van Loveren et al.  1996 ). Multiple 
controlled ozone exposure studies in human with asthma demonstrate worsening of 
symptoms associated with challenge. Many studies in humans demonstrate 
enhanced number of infl ammatory cells (neutrophils, monocytes, and mast cells) 
(Basha et al.  1994 ; Koren and Bromberg  1995 ; Scannell et al.  1996 ; Balmes et al. 
 1997 ; Peden et al.  1997 ) and markers of antigen presentation by fl ow cytometry 
(Meunier et al.  1994 ; Lenschow et al.  1993 ; Freeman et al.  1993 ; Koike and 
Kobayashi  2004 ; Koike et al.  2004 ). Similar to animal models, human subjects have 
increased markers of activation of innate immunity after inhalation of ozone 
(mCD14, CD11b, CD16) (Lay et al.  2007 ; Alexis et al.  2010 ). Additionally, airway 
epithelia isolated from allergic asthmatic subjects exposed to ozone display 
enhanced mRNA expression of genes of innate immunity (Hernandez et al.  2012 ). 
Together these data support that inhalation of ozone can contribute to the pathogen-
esis of allergic airways disease.   
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11.5     Overall Conclusions 

 The epidemiologic link between environmental pollutants and adverse health effects 
is well-document and led to extensive investigation into mechanisms that may help 
to explain these effects. Strict regulation of pulmonary immunity facilitates appro-
priate host response to both microbial pathogens and antigens. We now recognize 
that common environmental air pollutants can alter host immunity through disrup-
tion of alterations in both innate and adaptive immune responses. Current evidence 
supports that common environmental air pollutants including ambient particulate 
matter, vehicle exhaust/diesel particles and ozone, can modify host immunological 
response. Common inhaled pollutants can either dampen or exacerbate the intensity 
of immune function. While there are clear differences among each of these air pol-
lutants, there are also common mechanisms that contribute to altered host immu-
nity. Each pollutant can impact both lung epithelia and macrophage function and 
alter host innate and adaptive immune function (Figs.  11.1  and  11.2 ). We high-
lighted the conserved role of specifi c signaling pathways including generation of 
reactive oxygen species, toll-like receptors, and NF-κB signaling. The body of 
available literature generally supports that common air pollutants can alter the host 
response to both pathogens and modify allergic disease. Common air pollutants 
may enhance the prevalence of allergic disease through facilitating adjuvancy to 
otherwise inert antigens and can enhance the severity pre-existing airways disease 
by contributing to exacerbations. Clear appreciation of the mechanisms that air pol-
lution alters host immune function will provide mechanistic insight into the com-
plex relationship between host genetics, common environmental exposures, and 
human disease. Novel insight into the mechanisms that air pollution can alter host 
immunity could result in novel therapeutic approaches to the numerous human con-
ditions that are impacted by alterations in host immunity.     
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    Chapter 12   
 Genetics 

             Talat     Islam      and     Frank     Gilliland   

12.1             Introduction 

 In previous chapters we discussed the chemical and physical properties of the 
 different airborne pollutants (AP) and their potential health effects. Air pollutants 
with potential detrimental health effects can be gasses (i.e., Ozone, oxides of nitrogen 
(NOx)) or solid particles (i.e., PM 10 , PM 2.5 ) that can elicit myriad of biological 
responses and affect cardio-respiratory system, immune system, CNS, and repro-
ductive system. Despite the epidemiological and toxicological evidence of 
AP-related health effects, the biological mechanisms and pathways involved are not 
well established. The particular biological pathways and process involved in 
AP-mediated health effects can vary by the involved organs/systems and may 
include oxidative stress, local or systemic infl ammation, neural-mediated responses, 
and oxygen insuffi ciency. Many of these pathways have been identifi ed through 
toxicological studies and discussed in the earlier chapters. However, toxicological 
studies often involve exposures that are limited in reproducing exposures encoun-
tered in the real world. One approach to investigating the biological pathways has 
been to identify the genes that modify sensitivity to AP. 

 If a  specifi c  pathway is important for  specifi c  air pollutant mediated health 
effects, then functional polymorphisms in gene(s) involved in the pathway can 
affect the magnitude of the health effects of that air pollutant. Therefore, 
 gene- environment interaction (GxE) studies can confi rm or identify the important 
mediating biological pathways, as well as, serve to identify susceptible groups. 
Multiple genes are likely to be involved in a single biological pathway and functional 
polymorphisms of the different genes in the pathway might provide synergistic or 
antagonistic effect on the air pollutant mediated health effect. 
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 Beyond identifying the biological pathways, a better knowledge of GxE can 
serve multiple purposes in public health and medicine as has been enumerated by 
Hunter in his review (Hunter  2005 ). Some of the rationale for studying gene-AP 
interactions are as follow:

•    To have a better estimate of the population attributable risk considering the joint 
effect of genes and air pollution.  

•   To identify the susceptible population to AP-mediated disease (i.e., increased 
susceptibility to allergy due to exposure to diesel exhaust among population with 
GSTM1 deletion (~50 % Caucasian) (Gilliland et al.  2004 ))  

•   Identify the specifi c factor from a complex pollutant mix that can have a causal 
effect (i.e., polycyclic aromatic hydrocarbon in traffi c exposure for asthma risk) 
(Salam et al.  2007 )  

•   Utilize the information to develop better preventive and therapeutic approaches    

 In this chapter, we will review the complex interplay between air pollution, 
genetic variants and epigenetic changes on human health outcomes. Our discussion 
will focus on genetic polymorphisms that can modify the effect of AP on local and 
systemic infl ammation and oxidative stress (Fig.  12.1 ). We will also discuss contri-
butions of AP-induced epigenetic changes that could contribute to AP exposure 
related health effects.   

12.2     Identifi cation of Gene-Environment Interactions 

 In epidemiological studies, the identifi cation of the genetic polymorphisms that 
modify the effect of AP (GxAP) involves mainly three major approaches: (i) hypoth-
esis driven candidate gene approach: selecting genes with main effect on the health 

  Fig. 12.1    Schematic representation of genetics and air pollution on human health. The health 
effects of AP exposure can be mediated through infl ammation, oxidative stress and epigenetic 
changes; all of which are interrelated. Furthermore the effects of AP can be modifi ed by genetic 
and epigenetic variants       
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outcome or selecting genes that are involved in a purported biological pathway, 
(ii) agnostic genome-wide interaction studies (GWIS), and (iii) hypothesis driven 
pathway based approaches. Each of these approaches has merits and limitations 
(Thomas  2010 ). 

 Because the candidate gene approach is hypothesis driven, we often have better 
study designs that are less subject to bias and residual confounding. These studies 
require a relatively small sample size compared to GWIS and have suffi cient 
 statistical power to detect moderate level of gene-environment interaction. It also 
provides a better chance for cross validation across studies as researchers are more 
likely to use the same genetic variants to address similar hypothesis. One of the 
major limitations of candidate gene approach is, by defi nition, it will miss any novel 
genetic pathway. Using candidate GxE approach from the onset can limit the 
 identifi cation of new genes as researchers focus on validating the initial fi nding and 
genes that might not have reached threshold p-value in some studies may not  surface 
at all. In the candidate gene approach, we are likely to miss genetic factors that do 
not have any main effect especially when genetic variants have a ‘fl ip-fl op’ effect 
where the effect of the genetic variants on disease is opposite based on presence or 
absence of environmental factor. This approach is also susceptible to researcher bias 
as those variants are not agnostically chosen. Many of the limitations of candidate 
gene approach are adequately addressed using the agnostic GWIS approach. The 
current availability of 2.5 million SNP chips at a reasonable price has supported the 
era of genome-wide association studies (GWAS) as well as for GWIS. The major 
concerns for the GWIS approach are related to exposure assessment, multiple test-
ing and sample size issues. Considering the issues of multiple testing, the common 
cut-off p-value for GWAS/GWIS level of signifi cance is 10 −8 . A study would require 
almost 40,000 participants to have 80 % power to see a moderate level of effect (i.e., 
both the marginal effects and interaction odds ratio being 1.5) for a genetic variant 
with minor allele frequency (MAF) of 0.05 and exposure prevalence of 10 %. This 
is often a challenge for any single study and requires collaboration among multiple 
studies. Although, the collaboration approach in current state of information 
 technology is quite feasible and benefi cial to all involved, methodological  challenges 
is the major hindrance for such approach. Differences in study design as well as 
availability of the appropriate exposure metrics and covariates limits collaborative 
GxE work. The participating studies are required to have similar genetic and envi-
ronmental information that, to date, is often not available. Genetic data often varies 
between groups based on the choice of array (i.e., half-a-million/million or other, 
Illumina or Affymetrix platform). Although this may raise technical issues, most of 
them can be addressed. A greater concern is often the complete lack of, or variability 
in the collection of exposure data. For example some studies use model based 
estimate of oxides of Nitrogen (NOx) as a proxy measure for traffi c exposure; 
whereas, another study can use residential distance to freeway. Even the model used 
by different groups to estimate NOx may not be similar. Often studies have to rely 
on some basic measure that is available in all of the groups, i.e. residential distance 
from freeway or major roads, instead of more refi ned measures. Therefore, 
 measurement misclassifi cation is a major concern in GxE collaborative studies that 
can result in biased effect estimates, reduced power and or null fi ndings. 
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12.2.1     An Example of Genetic Polymorphism Modifying 
the Effect of AP 

 The gene-AP interactions discussed in this chapter are mostly identifi ed through 
candidate gene approach in human studies. The following example from Salam 
et al. ( 2007 ) illustrates how candidate gene approach can be utilized in the identifi -
cation of the modifying effect of multiple genes in the PAH metabolism pathway on 
the association between traffi c related air pollutant ( TRAP ) and asthma prevalence 
(Salam et al.  2007 ). 

 Multiple epidemiologic studies have reported that high level of TRAP exposure 
is associated with asthma (Chap.   4    ). The investigators hypothesized that PAHs that 
are formed due to incomplete combustion of fuel and have been observed to be 
associated with asthma, might be the major component of TRAP that contributes to 
TRAP-Asthma association. The researchers hypothesized that genetic polymor-
phisms of microsomal epoxide hydrolase (EPHX1) and glutathione S-transferase 
(GST) can modify the effect of traffi c exposure on asthma prevalence. 

 Once PAHs from TRAP enter the body through inhalation, it undergoes  metabolic 
transformation that can lead to detoxifi cation or activation (Fig.  12.2 ). Reactive 
PAHs are initially converted to active PAH-epoxide that serves as substrate for 

  Fig. 12.2    Schematic pathway of PAH metabolism. After inhalation, polycyclic aromatic hydro-
carbon (PAH) undergoes metabolic changes with formation of toxic metabolites that can lead to 
oxidative changes and formation of DNA adducts. PAHs can also be sequestered by the formation 
of GST–conjugates. Therefore, the activity level of the different involved enzymes, i.e., epoxides 
or GSTs, can affect the biological effective dose of PAH exposure (Reproduced from Salam et al. 
( 2007 ), with permission from BMJ Publishing Group Ltd)       
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GSTs and epoxide hydrolase. GSTs detoxify PAHs by forming epoxide- conjugates 
and rendering them inactive. Epoxide hydrolases on the other hand form PAH-
 trans -dihyrodiol from PAH-epoxide. The PAH-trans-hydrodiols can be further 
metabolized to form semiquinones that generate reactive oxygen  species (ROS) 
leading to oxidative stress (Bolton et al.  2000 ). Based on this pathway it can be 
purported that people with low level of GST activity and higher level of EPHX1 
activity will be more susceptible to TRAP exposure compared to those with high 
activity of GST activity and low EPHX1 activity. The researchers identifi ed a 
genetic polymorphism of  GSTP1  ( ile105val) , where the variant ( val ) is associated 
with decreased conjugation of PAH-epoxide and functional polymorphisms of 
EPHX1 are associated with increased activity of epoxide hydrolase.  

 The joint effect of residential distance from a major road (exposure to TRAP 
decreases with increased distance),  Ile105Val  polymorphism, and two  EPHX1  
polymorphisms that defi ned three metabolic phenotypes (low, medium, and high 
activity) was investigated in 2,700 children (Table  12.1 ). They reported statistically 
signifi cant three way interaction showing that those children who were  GSTP1  
variant homozygous (val105 val) with the high metabolic phenotype of EPHX1 and 
lived within 75 m of a major road, had almost nine times increased risk of asthma 

   Table 12.1    Functional polymorphisms of GSTP1 and EPHX1 modify the effect of traffi c related 
exposure on lifetime asthma prevalence in children (Salam et al.  2007 )   

 Distance of 
residence from 
major road 
(metres) 

 GSTP1 ile 
105Val 

 EPHX1 metabolic 
phenotypes 

 No 
asthma 
(N a ) 

 Lifetime 
asthma 
(N a )  OR b  (95 % CI) 

 ≥75  Ile/Ile  Low/intermediate  589  94  1.0 
 ≥75  Ile/Val  Low/intermediate  720  132  1.19 (0.88–1.61) 
 ≥75  Val/Val  Low/intermediate  215  29  0.94 (0.59–1.50) 
 ≥75  Ile/Ile  High  141  23  1.03 (0.61–1.71) 
 ≥75  Ile/Val  High  158  31  1.35 (0.85–2.15) 
 ≥75  Val/Val  High  38  14  2.63 (1.34–5.18) 
 <75  Ile/Ile  Low/intermediate  144  23  1.01 (0.60–1.69) 
 <75  Ile/Val  Low/intermediate  171  28  0.89 (0.54–1.44) 
 <75  Val/Val  Low/intermediate  48  11  1.46 (0.71–3.03) 
 <75  Ile/Ile  High  31  9  1.71 (0.75–3.87) 
 <75  Ile/Val  High  30  12  2.61 (1.22–5.58) 
 <75  Val/Val  High  5  6  8.91 (2.40–33.12) 

 p = 0.04 c  

  Reprinted from Salam et al. ( 2012 ), Copyright (2012), with permission from Elsevier 
  a Children with missing data on distance of residence from major road and GSTP1 Ilel05Val were 
excluded 
  b ORs adjusted for age, sex, race/ethnicity, in utero exposure to maternal smoking, number of smokers 
at home, community of residence, parental education, health insurance and parental history of asthma 
  c p value for EPHX1 activity phenotype by distance of residence from a major road and by GSTP1 
Ile105Val genotype interaction was obtained from likelihood ratio test from a non-stratifi ed model 
with appropriate interaction terms and was based on 7df  
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compared to children who lived beyond 75 m of a major road and were GSTP1 wild 
type homozygous ( ile105ile)  with low/intermediate activity EPHX1 metabolic 
phenotype. In fact a dose dependent effect of the genetic polymorphisms and TRAP 
exposure was observed for asthma prevalence in children. The fi nding was repli-
cated in a cross-sectional study of Taiwanese children (Tung et al.  2011 ). This study 
exemplifi es many of the rationale of GxE studies we have mentioned earlier:

•     Demonstrates the importance of PAH metabolism pathway in TRAP mediated 
risk of asthma  

•   Identifi cation of susceptible population to TRAP exposure: children who are 
GSTP1 variant (Val) homozygous and EPHX1 high metabolic phenotype (~11 % 
of US children)  

•   Identifi es PAH as the important chemical of TRAP, which is a complex mix of 
chemicals, as the risk factor for asthma following TRAP exposure.      

12.3     Modifi cation of AP Effect on Respiratory Outcomes 
by Genetic Factors 

 Infl ammation, both chronic and acute, are central features of many common AP 
mediated lung conditions, such as asthma, COPD, or decline in lung function 
(Rahman et al.  2006 ; Adcock et al.  2005 ; Rahman and Adcock  2006 ; Adcock and 
Lee  2006 ). The respiratory tract endures the primary insult from air pollutants as air 
is inhaled into the lungs, thus it also provides the fi rst line of defense against the air 
pollutants, as has been discussed in Chap.   5    . In response to the environmental 
insults, as well as endogenous metabolism, reactive oxygen species (ROS) and free 
radicals are formed in the airway (Rahman et al.  2006 ). The airway, specially the 
lungs serves as the fi rst line of defense against the effects of air pollutants. The fl uid 
lining of the lung tissue is rich in enzymatic anti-oxidants (i.e., Glutathione-S- 
transferases (GSTs), heme oxugenase-1 (HMOX1), catalase (CAT), superoxide dis-
mutases (SODs) and others) and non-enzymatic (i.e., vitamin C & E, glutathione 
(GSH) and other low molecular weight particles) that can neutralize the oxidative 
effects of air pollutants. Normally a balance is attained between the oxidative and 
anti-oxidative forces; however, when the anti-oxidative activity is overwhelmed due 
to exogenous (i.e., high level of air pollutants) or endogenous (i.e., respiratory 
infection) factors, oxidative stress ensues. The excess ROS can cause local damage 
to the lung parenchyma leading to a pro-infl ammatory state in the lung tissue. 
Infl ammation itself being an oxidative process starts a vicious cycle of oxidative 
stress-infl ammation-oxidative stress (Fig.  12.1 ). Therefore, healthy abundance of 
anti-oxidant and anti-infl ammatory repertoire in the lung tissue can provide great 
defense against the air pollutants mediated oxidative stress in the airway; whereas, 
a lack of such defense can make the lungs susceptible to the air pollutants. 

 Most of the genetic and gene-environmental works related to AP and respiratory 
outcomes have focused on the oxidative and infl ammatory pathway in the airways. 

T. Islam and F. Gilliland

http://dx.doi.org/10.1007/978-1-4471-6669-6_5


329

The framework for AP mediated respiratory health outcomes and it’s interaction with 
the genetic factors is depicted in Fig.  12.3 . Air pollutants such as ozone or diesel 
exhaust upon entering the airway can cause oxidative stress in the lung tissue that if 
uncontrolled can lead to acute and chronic infl ammation of the lung leading to 
asthma, COPD, decline in lung functions and other ailments. The detrimental effect 
of the air pollutant depends on the level of exposure and the  susceptibility of the lung 
tissue. The availability of enzymatic and not-enzymatic anti- oxidants in the lung tis-
sue and the infl ammatory response mechanism are the major factors in the determi-
nation of the individual susceptibility to the effects of air pollutants.  

 High level of exposure to AP may cause little detrimental effect in presence of 
abundant anti-oxidants (i.e, HMOX-1, CAT, SODs, & GSTs) repertoire in the lung 
fl uid as well as a well controlled infl ammatory mechanism. On the contrary, low 
level exposure to AP can lead to substantial damage to the lung tissue if there is 
defi ciency in the anti-oxidant activity and hyperactivity of the infl ammatory mecha-
nism. Therefore, genetic factors that can affect the level of anti-oxidative activity 
or infl ammation level in the lung have been the genes of choice to investigate 
gene- environment interaction in the candidate GxE approach. 

12.3.1      Anti-oxidant Genes and AP 

12.3.1.1     Overview 

 The most commonly studied genes in the anti-oxidant pathway are the GSTs, 
HMOX1, NAD(P) Dehydrogenase Quinone 1 (NQO1), CAT and SODs. Figure  12.4  
presents a schematic representation of the role of these enzymes in the anti- oxidative 

  Fig. 12.3    Schematic representation of AP mediated health effects in lung tissue and its possible 
mediators. Inhalation of air pollutants such as ozone, PM, NOx, or PAHs, can lead to oxidative 
stress and infl ammation of the lung tissue       
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defenses in response to the formation of different intracellular reactive oxygen 
 species. The physiologically important ROSs are superoxide anion (O 2  ·− ), hydroxyl 
radical (OH − ), nitric oxide (NO) and hydrogen peroxide (H 2 O 2 ) with OH −  being 
most reactive and damaging to the cells (Rahman et al.  2006 ). The SODs, GSTs, 
and possibly HMOX-1 act as ROS scavengers in the cell and protects the cell by 
reducing the availability of ROS to cause cellular damage. SODs form H 2 O 2  from 
two superoxide anions and two hydrogen ion. Catalase neutralizes H 2 O 2  by converting 
it to water. Therefore the anti-oxidative activity of SOD is dependent on catalase/
GPx availability and activity. The role of HMOX1 as an anti-oxidant and cytopro-
tective factor is more complex and enigmatic (Rahman et al.  2006 ). HMOX1 is 
purported to exerts its anti oxidant effect by (i) formation of bilirubin from heme 
protein which is readily converted to biliverdin, potent anti-oxidant (Stocker and 
Ames  1987 ; Stocker et al.  1987 ), (ii) regulating Fe 2+  transfer (Ferris et al.  1999 ), and 
(iii) formation of CO that stimulates a number of anti-oxidant activity (Otterbein 
et al.  2000 ).  

 The GSTs are a group of Phase II iosenzymes that removes secondary ROSs, 
including products of lipid peroxidation and xenobiotics (i.e., PAH from diesel 

  Fig. 12.4    Endogenous and exogenous sources of ROS and cellular anti-oxidative machinery. 
Intracellular reactive oxygen species O 2  ·−  = superoxide anion, NO = nitric oxide, H 2 O 2  = hydrogen 
peroxide, ·OH = hydroxyl radical, NO 2  = nitrogen dioxide, ONOO− = peroxynitrite, Fe2+= Ferrous 
oxide, GPx= Glutathione peroxidase (Reprinted from Rahman et al. ( 2006 ), Copyright (2006), 
with permission from Elsevier)       
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exhaust), by catalyzing their conjugation with reduced GSH. The conjugates are 
sequestered and removed from the cell. The GST superfamily is highly diverse. 
Based on their substrate specifi city, structure, and kinetic behavior eight distinct 
classes are defi ned: Alpha (GSTA), Kappa (GSTK), Mu (GSTM), Omega (GSTO), 
Pi (GSTP), Sigma (GSTS), Theta (GSTT) and Zeta (GSTZ). Each of these classes 
has subgroups. GSTM1, GSTP1 and GSTT1 have been most studied in the context 
of AP and environmental effect (Minelli et al.  2011 ).  

12.3.1.2      Genes and the Commonly Studied Polymorphism 

 GSTs: The GST genes are located in different chromosomes and these are highly poly-
morphic. The commonly studied  GSTM1 ,  GSTP1 , and  GSTT1  is located in the 
1p13.3, 11q13, and 22q11.2 region. The most commonly studied functionally rele-
vant polymorphisms are deletion allele of  GSTM1  and  GSTT1  and Ile105Val 
(rs1695) polymorphism of  GSTP1 . The  GSTM1  and  GSTT1  deletion is often studied 
as homozygous deletion (‘null’ genotype) that is associated with total absence of 
enzymatic activity. The functional effect of  GSTP1 -val variant in more complex as 
the increased or decreased activity of the polymorphism is substrate specifi c (Hu 
et al.  1997 ; Sundberg et al.  1998 ) and its effect on asthma can be age specifi c (Islam 
et al.  2009 ). Early onset asthma (by 6 years of age) appears to be associated with the 
 val- allele; whereas late onset asthma (after 9) appears to be associated with  Ile -
allele. The inducibility of inducible  HMOX-1 , located in 22q12, is inversely associ-
ated with the length of a (GT) n  tandem repeat in the 5′ fl anking (promoter) region of 
the gene (Chen et al.  2002 ; Hirai et al.  2003 ; Yamada et al.  2000 ). The functional 
609C > T polymorphism of  NQO1 (16q22.1) results in a serine variant that reduces 
the activity of the enzyme. Subjects with homozygous variant (Ser/Ser) has no 
detectable enzyme activity and the enzymatic activity among the heterozygous (Ser/
Pro) is signifi cantly lower to those with wild type homozygous (Pro/Pro) (Siegel 
et al.  1999 ). Paradoxically, epidemiologic studies observed that Ser allele renders pro-
tection against ozone. The observed effect of this polymorphism initially appears 
paradoxical as the Ser allele provides protection against asthma among children 
with  GSTM1 -null genotype (David et al.  2003 ). This is biologically plausible as 
beside its anti-oxidant activity, NQO1 also catalyzes the bioactivation of quinones 
to more reactive hydroquinones which are potent oxidants (Minelli et al.  2011 ). 
Because NQO1 can activate nitroaromatic compounds and heterocyclic amines 
present in diesel exhaust (Hajos and Winston  1991a ,  b ; Nakagawa et al.  1983 ), Ser 
allele that reduces the enzymatic activity of NQO1 might be protective under certain 
conditions. Similar to oxidative stress, nitrosative stress mediated through NO can 
also play role in airway infl ammation (Baraldi et al.  2006 ; Ricciardolo et al.  2006a ,  b ). 
Genes encoding nitric oxide synthase (NOS) and arginases (ARG) are of particular 
interest. (Islam et al.  2010 ; Salam et al.  2009 )  
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12.3.1.3     Gene, AP on Respiratory Health Outcomes 

 There has been extensive interest in the scientifi c community to identify genetic 
variants modifying the effect of air pollutants on health. As the fi eld is quite young, 
there have been a limited number of studies providing evidence for gene-AP inter-
action. In 2011, Minelli et al. systemically reviewed 17 articles from 15 different 
studies that were published prior to April 30 2009 (Minelli et al.  2011 ). Of the 17 
articles reviewed, fi ve were published between 2001–2005 and the other 12 between 
2006–2010. Romieu et al. also reviewed 13 articles on children gene-AP interaction 
that were published prior to April 2009 (Romieu et al.  2010 ), many of these studies 
were also in the review of Minelli et al. Following the same MEDLINE search strat-
egy as Minelli et al., a total of 32 studies could be identifi ed with fi ve publications 
between 2001–2005, 18 between 2006–2010, and 9 between 2011–2013. This 
shows a rapid growth in this nascent fi eld of gene-AP. 

 GSTs ( GSTM1, GSTP1 or GSTT1 ) were investigated in 18 of those 32 studies. 
An array of APs were considered including indoor particulate matter to outdoor 
ozone, particulate matter and TRAP often based on modeled oxides of Nitrogen 
(Gauderman et al.  2009 ). Bergamaschi and colleagues (Bergamaschi et al.  2001 ) 
fi rst reported on the possible modifying effect  GSTM1  of ozone on lung function. 
They performed a cross-over experimental study on 24 healthy non-smoker partici-
pants. The participants were randomly exposed to above and below 80 ppb ozone. 
Exposure to ozone level above 80 ppb was associated with decrease in lung function 
measures and increase in oxidative stress marked by high level of Clara cell (CC18) 
protein and decreased 8-Hydroxy-2′-deoxyguanosine a biomarker of ROS-DNA 
interaction. All those associations were much stronger in  GSTM1  and  NQO1 wild 
type.  Similar joint modifying effect of  GSTM1 null  and  NQO1 wild type  in modify-
ing the effect of biomarker of oxidative stress (Corradi et al.  2002 ) and lung  function 
(Chen et al.  2007 ) was substantiated by other studies (Corradi et al.  2002 ; Chen 
et al.  2007 ). Based on their study of young college students, Chen et al. ( 2007 ) 
reported a sex specifi c modifying effect of the anti-oxidant genes. The detrimental 
effect of chronic ozone exposure on lung function was modifi ed by  GSTP1 val105  
allele in males and the  GSTM1 null - NQO1  genotype in the male. It should be noted 
that 19 of the 24 participants in the study reported by Bergamaschi et al. ( 2001 ) 
were female. David et al. reported from their 218 case-triads (case + parents) a 
 protective role of the variant  NQO1(Ser)  genotype against asthma among  GSTM1 -
 null  carriers. Although, there was no formal test of interaction for any air pollutants, 
the authors argued that the observed effect is possibly due to the high background 
ozone level and particulate mass in Mexico city (David et al.  2003 ). Although, 
David et al. did not provide relevant pollution data with appropriate statistical 
 testing to validate their claim; the overall hypothesis is supported by experimental 
fi ndings of Gilliland et al. ( 2004 ). Gilliland and colleagues conducted a single blind 
placebo controlled cross over study exposing ragweed sensitive study participants 
in presence of clean air and diesel exhaust. The researchers observed increased level 
of nasal allergic responses following exposure to diesel exhaust with further ampli-
fi cation of the effects of diesel exhaust among carriers of  GSTM1-null  or  GSTP1-ile  
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genotypes. Most pronounced effect was observed among subjects who were both 
 GSTM1-null  and  GSTP1-ile  genotype carriers. The fi nding certainly supports the 
claim by David et al. ( 2003 ) that the observed effect in children of highly polluted 
Mexico City might be due to the effect of ozone and traffi c exposure. The group did 
a follow up study that sheds more light on the purported gene-environment interac-
tion in childhood asthma. Among children with asthma, the researchers observed 
that recent exposure to high level of ozone was associated with increased breathing 
diffi culties in children with  GSTP1-val  genotype and most pronounced among those 
with  GSTM1-null  and  GSTP1-val  genotype (Romieu et al.  2006 ). The group also 
conducted a clinical trial investigating whether anti-oxidant supplementation (Vit-C 
and Vit-E) can protect against ozone induced lung function decline. The detrimental 
effect of ozone was most pronounced among children with  GSTM1-null  genotype 
who most benefi tted from the anti-oxidant supplementation (Romieu et al.  2004 ). 
This was confi rmed in a recent follow up study (Moreno-Macias et al.  2013 ). 

 It is interesting to note that only a few studies reported that  GSTM1- null alone 
modifying the effect of AP on respiratory outcomes (Romieu et al.  2004 ; Moreno- 
Macias et al.  2013 ; Alexis et al.  2009 ). Kim and colleagues ( 2011 ) conducted a 
double blinded experimental study to investigate the effect of ozone exposure on 
lung function and the possible modifying effect  GSTM1 . They selected 59 healthy 
adults 19–35 years of age without any history of smoking and performed a double 
blinded experiment to investigate the effect of ozone exposure on lung function 
(FEV1 and FVC). Spirometry and blood samples were taken after study participants 
were exposed to clean air (0.00 ppm ozone) or 0.06 ppm ozone randomly for a 
period of 6.6 h following moderate level of exercise. Compared to clean air,  exposure 
to 0.06 ppm ozone for 6.6 h lead to decrease in both FEV1 and FVC, pulmonary 
infl ammation marked by increase in polymorphonuclear neutrophils. No  statistically 
signifi cant modifying effect of  GSTM1  was observed for either lung function 
 measures or pulmonary infl ammation. Although, in the  GSTM1 null  showed a 
detrimental effect following ozone exposure compared to clean air, the detrimental 
effect was no different from that observed for  GSTM1 present  group. Also other 
studies involving children with asthma (Newcomb et al.  2012 ; Vagaggini et al. 
 2010 ) did not show any modifying effect of  GSTM1-null  on ozone induced airway 
responses. The modifying effect of  GSTM1  appears to be dependent on health sta-
tus, exposure conditions, health outcome, and the overall anti-oxidant repository. 

 The experimental work by Gilliland and colleagues was further followed through 
utilizing the resources of Children Health Study, a large cohort (~6,000 starting in 
1993 (Peters et al.  1999a ,  b ) and another ~5,000 in 2003 (McConnell et al.  2006 )) 
of school aged children (6–18 years of age). Given the large sample size, extensive 
genetic and exposure data, and longitudinal nature of the study we could investigate 
gene-AP interaction on both prevalent and incident asthma as well as lung function 
in this study. In 2002, McConnell et al., reported an important but controversial 
fi nding that participating in high level of sports activity (>2 team sports) in high 
ozone communities (24-h ozone > 30.7 ppb and 8-h ozone (10 am-6 pm) >55.8 ppb) 
was associated with increased incidence of asthma in children (50/1,000 person 
year) compared to low ozone communities (asthma incidence ~ 19–33/1,000 person 
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year) (McConnell et al.  2002 ). This was followed up to investigate whether the joint 
effect of participating in team sports and exposure to high level of ambient ozone is 
further modifi ed by genetic susceptibility (Islam et al.  2009 ). In this study, both 
 GSTM1-null  and  GSTP1-Ile  genotype was associated with increased risk of incident 
asthma; however, the modifying effect was observed only for  GSTP1-Ile  genotype. 
The increased risk of incident asthma for high outdoor sports mostly restricted to 
those who were  GSTP1 -Ile  homozygous  (p-value of interaction = 0.02). The carriers 
of  GSTP1 Ile/Ile  who lived in high ozone communities and were involved in high 
sports activity were almost sixfold more likely to develop asthma compared to any 
other groups (Fig.  12.5 ). As we discussed earlier, the direction of effect for  GSTP-1  
Ile105Val might be age and exposure dependent. In a cross sectional study from 
Taiwan,  GSTP-1  Ile allele appeared to provide protection against asthma and 
wheeze following exposure to PM 2.5  and ozone (Hwang et al.  2013 ). In this study, a 
strong correlation between PM 2.5  and ozone (r = 0.73) was observed and the 
 interaction appeared to be stronger for PM 2.5  compared to ozone. Therefore, the 
observed effect might be due to PM 2.5 , rather than ozone. In a birth cohort study, 
allergic sensitization in the fi rst four years of life following exposure to modeled 
NO x  (surrogate measure of TRAP) was most apparent among carriers of  GSTP1-val  
allele (Melen et al.  2008 ). Other studies involving TRAP exposure also noted 
 GSTP1-val  allele as the risk allele (Salam et al.  2007 ; Tung et al.  2011 ).  
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  Fig. 12.5    Effect of ozone and GSTP1-Ile allele on asthma incidence among children participating 
in >2 team sports       
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 Another anti-oxidant polymorphism that has shown some consistent effect have 
been the (GT)n tandem repeat of  HMOX1 . In the Children Health Study, an ethnic-
ity specifi c effect of the tandem repeat was observed (Islam et al.  2008 ). Based on 
functionality, the  HMOX1  with alleles 23 or less (GT) n  repeats were defi ned as 
‘Short’ (S) in the study. Non-Hispanic Whites (40 %) were more likely to have one 
 S-allele , compared to Hispanic Whites (28 %). Although, no association was 
observed between the  S-allele  and asthma,  S-allele  appeared to be protective against 
new onset asthma in non-Hispanic children (Hazard ratio (HR): 0.64, 95 % confi -
dence interval (CI):0.41–0.99) but not among Hispanic Whites (HR: 1.25, 95%CI: 
0.64–2.47). Among the non-Hispanic Whites, the  S-allele  appears to modify the 
effect of ozone on asthma risk (interaction p-value = 0.003). The  S-allele  appears to 
be more protective in the low-ozone communities (HR = 0.44) compared to high- 
ozone communities (HR: 0.88). Although, PM 10  exposure appeared to be associated 
with increased risk of asthma in children without any  S-allele  (HR: 1.79, 95%CI: 
0.69–4.61) compared to those with  S-allele  (HR: 0.62, 95%CI: 0.20–1.87); no 
 statistically signifi cant interaction was observed (p-value of interaction: 0.18). A 
large cohort study (N = 4,365) of Swiss Caucasian adults (18–65 years of age) (the 
SAPALDIA study) reported that the benefi cial effect of PM 10  reduction on lung 
function was modifi ed by  HMOX1  polymorphisms including the (GT) n  repeat 
(Curjuric et al.  2010 ). Each 10 μgm–m 3  decrease of PM 10  level was associated with 
a 26.5 (11.7–41.2) mL-sec −1 -year −1  improvement of FEF 25–75  values compared to 
11.7 (95%CI: 4.5–19.2) mL-sec −1 -year −1  among those without any long allele. 
Although the defi nition of short and long allele differed between the CHS and 
SAPALDIA study, both noted the presence of shorter allele in each population to be 
protective against the detrimental effect of air pollutants (ozone and PM 10 ). 

 Although, GSTT1 (Hong et al.  2007 ; Castro-Giner et al.  2009 ), CAT (Islam et al. 
 2008 ; Wenten et al.  2009 ), and  SOD  (superoxide dismutase) (Islam et al.  2008 ; 
Yang et al.  2005 ) have been studied in the context of gene-environmental interaction 
for respiratory health outcomes, currently limited evidence exists for such modify-
ing effect. In the CHS cohort, a statistically signifi cant three-way interaction was 
observed between a haplotype (based on 8 tag-SNPs) of  ARG1 , atopy, and ozone 
exposure for asthma risk (Salam et al.  2009 ). Presence of each copy of the  ARG1  
haplotype was associated with 0.55 fold reduction in asthma risk among children; 
however the protective effect was much larger among children with atopy and living 
in high ozone communities (Odds Ratio (OR):0.12, p-value of interaction = 0.008).   

12.3.2     Infl ammatory Genes and AP 

 Exposure to air pollutants leads to airway infl ammation either indirectly due to 
 oxidative stress or directly due to induction of infl ammation that plays an important 
role in air pollutant induced detrimental respiratory health effects (Kelly  2003 ; 
Tubby et al.  2011 ). Air pollutants like ozone, particulate matter or oxides of nitrogen 
cause activation of transcription factors such as nuclear factor – κB (NF-κB), 
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resulting in increased expression of different cytokines, chemokines, and adhesion 
molecules that can lead to a proinfl ammatory state. Both innate and adaptive 
immune responses within the lung contribute to the infl ammatory process (Tubby 
et al.  2011 ). Therefore, genes of the infl ammatory pathway have often been consid-
ered as potential modifi er of AP effect on respiratory health. Animal studies suggest 
that tumor necrosis factor α (TNF-α) and toll like receptor (TLR4) are possible 
susceptible region to ozone effect (Cho and Kleeberger  2007 ; Hollingsworth et al. 
 2004 ; Kleeberger et al.  1997 ). 

 A functional polymorphism of TNF-α,  TNF-α G308A  (rs1800629), where the 
variant allele can lead to higher level of TNF-α: a proinfl ammatory cytokine, has 
been reported to modify the effect of air pollutants (Melen et al.  2008 ; Yang et al. 
 2005 ; Li et al.  2006 ; Lee et al.  2009 ). Yang et al. reported that there is a decline in 
FEV 1  following acute exposure to varying level of ozone (400 ppb for 2 h to 200 ppb 
for 24 h) during moderate exercise, and the decline differed by  TNFαG308A  status 
(Yang et al.  2005 ). The percentage decline following the ozone exposure was about 
3 % among those with at least one  A- allele; whereas the decline was almost 9 % 
among  G/G  individuals. On the contrary, in the CHS the  G -allele was identifi ed as 
a protective factor for asthma and wheezing in children (Li et al.  2006 ). The 
 protective effect of the  G- allele was most pronounced among children living in the 
low ozone communities. The GG homozygous children were 50 % less likely to 
ever suffer from wheezing compared to GA or AA carriers in the low ozone com-
munities; however, there was no difference in risk of wheezing based on  TNFG308A  
status in the high ozone communities. Similar protective effect of the  GG  allele for 
bronchitic symptoms in children with asthma living in low zone communities but 
not in high ozone communities have been reported from Taiwan (Lee et al.  2009 ). 
Melena et al. reported that children with  GSTP1-val  allele had almost 2.5 fold 
increased risk of sensitization when exposed to elevated level of NOx; whereas, no 
heighted risk of sensitization was reported for  GSTP1-Ile  homozygous (Melen et al. 
 2008 ). This GSTP1-NOx interaction was mostly limited to those with  TNF-308 A  
allele (OR = 22), with no substantial effect among the  GG  homozygous. Except for 
the study reported by Yang et al., which was unique being an experimental study in 
adults, a consistent protective effect of  TNF-308 GG  homozygous against air 
 pollutant mediated health effect is observed. 

 Toll like receptors are important gatekeepers of host immunity in response to 
gram-positive (TLR2) and gram-negative (TLR4) bacteria. Therefore they can play 
important role in AP mediated airway infl ammation as pathogens can get access to 
lower airway with inhaled particulate matter. Kerkhof and colleagues ( 2010 ) 
 investigated whether  TLR2  and  TLR4  modifi es the susceptibility to AP mediated 
asthma in the well established birth cohort of Prevention and Incidence of Asthma 
and Mite Allergy (PIAMA). They identifi ed multiple polymorphisms of  TLR2  and 
 TLR4  to increase the susceptibility of prevalent asthma following exposure to PM 2.5  
and soot.  
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12.3.3     Summary 

 The respiratory tract being the fi rst system to deal with the onslaught of air  pollutants, 
gene-AP studies have mostly focused on respiratory diseases. In the process multiple 
genes such as  GSTM1, GSTP1, HMOX1, NQO1, TNF-α  and  TLRs(TLR2 & TLR4)  
have been identifi ed to modify individual susceptibility to air pollutants in respect 
to airway diseases. The observations from the epidemiological studies often fall 
short to provide conclusive evidence, owing to methodological and biological issues 
discussed later in this chapter. The genetic factors discussed in the context of AP and 
respiratory health also plays a role in other health outcomes because the systemic 
effect of air pollutants often starts from lung parenchyma (Brook et al.  2009 ,  2010 ).   

12.4     Gene, AP and Cardiovascular Health 

 Over time epidemiological studies have shown the impact of AP on cardiovascular 
health as has been discussed in Chaps.   8     and   9    . Acknowledging the importance of 
AP, specially particulate matter in cardiovascular morbidity and mortality, the 
American Heart Society fi rst issued scientifi c statement underlining the importance 
of a better understanding of the role of particulate matter in cardiovascular disease 
(CVD) (Brook et al.  2010 ). Despite the accumulating evidence of AP mediated 
cardiovascular health effects; the biological mechanism is not well understood. The 
possible biological pathway for AP mediated health effects include (i) systemic 
infl ammation following oxidative stress and infl ammation in the lungs (Systemic 
spillover effect), (ii) imbalance of the automatic nervous system (ANS) following 
activation of respiratory ANS refl ex arc and (iii) direct effect of the ultra-fi ne parti-
cles (UFP) that can pass from through the alveolar membrane and reach blood from 
alveolar air (Brook et al.  2009 ,  2010 ). 

12.4.1     Gene, AP, and CVD: Human Studies 

 Unlike respiratory health outcomes, the gene-AP studies in CVD are extremely 
 limited. In a review by Zanobetti et al. ( 2011 ) reviewed 16 publications in the con-
text of gene-AP interaction in CVD, were from three cohort studies. Thirteen were 
from the Normative Aging Study (NAS), two from AIRGENE, and one from MESA 
study. Only the MESA study had racial/ethnic diversity with NAS and AIRGENE 
being totally Caucasian population. Sex representation were also highly skewed in 
those studies, with 100 % of NAS participants being male, 80 % of AIREGENE and 
about 48 % of MESA. Average age range in these studies was 40–85. Most of the 
studies investigated the effect of short term pollutant exposure rather than chronic 
AP exposure (Van Hee et al.  2010 ). The health endpoints also varied widely in these 
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studies, ranging from biomarkers such as plasma homocysteine (Ren et al.  2010a ) or 
heart rate variability (HRV) (Ren et al.  2010b ; Park et al.  2006 ) to disease endpoints 
such as blood pressure (Wilker et al.  2009 ) and left ventricular mass (Van Hee et al. 
 2010 ). Homocysteine concentrations at high levels are an  independent risk factor 
for cardiovascular disease. Elevated levels in the blood may be associated with ath-
erosclerosis, stroke, blood clot and heart attacks. Exposure to air pollutants are asso-
ciated with decreased heart rate variability and related  markers of oxidative stress 
may play an important role in cardiac toxicity of particles. 

 The oxidative stress genes had been the early focus of gene-AP studies in 
CVD. In 2005, Schwartz and colleagues reported an increased susceptibility to 
PM 2.5  mediated decreased variability in HRV among  GSTM1-null  individuals with 
no apparent effect of PM 2.5  on HRV among  GSTM1-positive  individuals (Schwartz 
et al.  2005 ). Each 10μgm-m −1  increase in PM 2.5  was associated with 34 % (95%CI: 
−9 to −52 %) decrease in HRV among  GSTM1-null  carriers; whereas, no effect was 
observed among  GSTM1-positive  individuals. The detrimental effect of PM 2.5  was 
even more prominent among  GSTM1-null  individuals who did not use statin or had 
high level of neutrophil or were obese. This initial provocative fi nding was followed 
up by multiple investigations in the NAS exploring the role of oxidative-stress genes 
as potential modifi ers for AP mediated CV outcomes (Ren et al.  2010a ; Park et al. 
 2006 ,  2009 ; Baja et al.  2010 ; Mordukhovich et al.  2009 ; Chahine et al.  2007 ). 
Chahine et al. ( 2007 ) investigated the role of the  HMOX1  promoter region (GT)n 
repeat in addition to  GSTM1 , modifying the effect of PM 2.5  on HRV. They observed 
no statistically signifi cant interaction for  GSTM1  (interaction p-value: 0.13, although 
HRV decrease in response to PM 2.5  was signifi cant only in the  null  group) and the 
interaction p-value for  HMOX1  was 0.06. The largest detrimental effect of PM 2.5  
was observed among the  GSTM1-null  individuals with long(GT)n repeats (≥25) 
(p-value of interaction < 0.04). This modifying effect of  HMOX1  was supported by 
two other studies from the same group in the context of tibia lead level and QT 
interval (Park et al.  2009 ) and PM 2.5  and plasma level of homocystiene (Ren et al. 
 2010a ); however, not in the context of exposure to black carbon (BC)/PM 2.5  and 
blood pressure (Mordukhovich et al.  2009 ). In the elderly male population of NAS, 
1-standard deviation increase in 7-day moving average of BC from the time of clinical 
examination was associated with 1.46 mmHg increase in systolic blood pressure 
(SBP) and 0.87 mmHg increase in diastolic blood pressure (DBP); however, this 
detrimental effect of BC was not modifi ed by any of the tested polymorphisms of 
the anti-oxidant genes: namely,  GSTM1-null ,  GSTT1-null ,  GSTP(Ile105Val) , 
 HMOX1 tandem repeat, NQO1(C609T)  and three SNPs of  CAT  (Mordukhovich 
et al.  2009 ). In another study from the NAS, the effect of ambient PM 2.5  on changes 
in the postural blood pressure was modifi ed by genetic variants of genes (PHD fi nger 
protein 11 (PHF11), matrix metalloprotease 1 (MMP1) and inositol 1,4,5- triphosphate 
receptor, type 2 (ITPR2) in the renin-angiotensin pathway (Wilker et al.  2009 ). 

 The AIRGENE study recruited 1,031 survivors of myocardial infarctions (MI) to 
investigate the role of particulate exposure on infl ammation in this vulnerable 
 population. The researchers were interested in fi brinogen and IL-6 as fi brinogen is 
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an essential component in cardiovascular related infl ammation and coagulation and 
established risk factor of CVD (Danesh et al.  2005 ) and IL-6 is key regulator of 
fi brinogen (Fuller and Zhang  2001 ). Among these survivors of MI, different 
 measures of TRAP related pollutants were associated with elevated plasma level of 
IL-6 and fi brinogen, underlining the acute effect of particulate matter in MI related 
infl ammation (Ruckerl et al.  2007 ; Peters et al.  2009 ; Ljungman et al.  2009 ). This 
effect of the TRAP on plasma IL-6 and fi brinogen level was modifi ed by multiple 
genetic variants of fi brinogen beta-chain gene (FBG). In a sub-cohort of 2,880 of 
the MESA study, researchers investigated the possible modifying effect of genetic 
variants of 12 different genes on the detrimental effect of TRAP on left ventricular 
mass, a strong marker of adverse cardiovascular outcomes (Bluemke et al.  2008 ). 
Of the 12 different genes investigated, genetic variants of type 1 angiotensin II 
receptor ( AGTR1 ) gene and 15-lipoxygenase gene ( ALOX15 ), modifi ed the effect of 
residential proximity, a marker of TRAP, on LVM (Van Hee et al.  2010 ). Those 
genes are involved in vascular infl ammation, oxidative stress, and vasoconstriction.  

12.4.2     Summary 

 One of the major concerns regarding the current state of evidence for gene-AP 
 interactions for CVD is lack of replication of fi ndings across studies. The lack of 
diversity and the different endpoints and exposures of interest in the studies are 
 certainly a major limitation in the replication of fi ndings across studies. While NAS 
and AIRGENE were optimized to identify acute (hours) to sub-chronic (days) effect 
of air pollutants, MESA is best positioned to investigate chronic exposure (i.e., 
 residential distance from major roads). The endpoints investigated also differed 
considerably between the studies, ranging from HRV, blood pressure, QT intervals 
and markers of infl ammation. Although, these outcomes are related to each other on 
a continuum, the genes and pathways involved can differ considerably thus making 
it diffi cult to have  replication across these studies. There is also considerable varia-
tion between study population make replication of fi ndings quite  diffi cult between 
those studies. 

 Despite those limitations, both the NAS and the AIRGENE study provided 
 evidence that genetic variants of genes in the rennin-angiotensin pathway may 
 modify the effect of air pollutant on CV outcomes. All these studies investigated the 
short term effect of air pollutant on CV health outcomes. The observations of a 
consistent effect of  GSTM1(null)  and  HMOX1 (GT)n  repeat in modifying the effect 
of different air pollutants on multiple CV health outcomes within NAS provides 
confi dence to the observed effect, specially as the fi ndings were in line with the 
reported respiratory effects (Sect.  12.3.1 ). Further studies investigating gene-AP for 
CV outcomes utilizing both candidate gene approach and GWIS are required to 
reach a defi nitive conclusion.   
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12.5     Gene, AP and Non Cardio-respiratory Health 
Outcomes 

 Understanding the role of AP in the causation of health effects beyond cardio-
respiratory health outcomes is relatively new and there are only a limited number of 
studies investigating gene-AP interaction on such health outcomes. One major 
interest has been the role of genes and AP in pregnancy outcomes. 

 There is substantial body of evidence noting the importance of AP specially 
ozone, TRAP, or CO in adverse pregnancy outcomes, such as low birth weight 
(LBW), preterm birth or intrauterine growth retardation (IUGR) (Backes et al. 
 2013 ; Stieb et al.  2012 ; Misra et al.  2012 ; Shah and Balkhair  2011 ; Bonzini et al. 
 2010 ). Because oxidative stress as well as reduced oxygen supply to the fetus are 
the presumed mechanism for AP mediated adverse pregnancy health outcomes, the 
aforementioned sets of genes (Sect.  12.3.1.2 ) have been investigated as the usual 
suspects for gene-AP interaction. In 2008, Suh et al. ( 2008 ) reported on the possible 
modifying effect of three xenobiotic genes,  GSTM1 (null), GSTT1(null),  and cyto-
chrome P450IA1 (CYP1A1) on PM 10  mediated preterm delivery (before 37th 
week). The researchers recruited 117 women with preterm delivery and living in 
Seoul during 2003–2007 and matched them randomly with 118 women who had 
full term delivery and were living in Seoul. All women were recruited from the same 
hospital. An increased risk for preterm delivery was observed for women with 
 GSTM1(null)  genotype compared to positives (OR > 2.0, p-value < 0.008) and 
women who were exposed to high level of ambient PM 10  (≥75th percentile) during 
the 3rd trimester compared to those with lower level of exposure (OR > 2.3, p-value 
0.02). The effect of PM 10  on preterm birth appeared to be modifi ed by maternal 
 GSTM1  status. The risk of preterm delivery was almost 6 fold greater (OR: 6.22, 
p-value = 0.001) among women who were  GSTM1(null)  and were exposed to high 
level of PM 10  compared to those who were  GSTM1  positives and were exposed to 
low level of PM 10  during the last trimester; however, no overall p-value for test of 
interaction was not available. Although the data has been adjusted for a number of 
confounders, it was not adjusted for maternal respiratory infection or asthma/
wheeze status. It is possible that  GSTM1(null)  women exposed to high level of pol-
lutant experienced more respiratory problems leading to oxygen defi ciency to both 
the mother and the fetus resulting in preterm birth. In 2011, Rossner and colleagues 
( 2011 ) also reported possible gene-AP interaction on pregnancy outcomes. Data on 
1200 women were randomly selected from a large case control study, but, genetic 
(placental), AP and covariate information was available only for 891 women. Unlike 
the South Korean study, the researchers investigated the role of placental genes in 
modifying the effect of PM 2.5  and PAH on IUGR and LBW in this study. Besides 
 GSTM1 a nd  GSTT1 , they also investigated the possible role of 94 (577 SNPs) other 
genes using an  Illumina  array. They failed to observe any statistically signifi cant 
interaction between AP and  GSTM1  or other genetic polymorphism in this study. 
The identifi cation of gene-AP interaction for pregnancy outcomes are specially 
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challenging as both maternal,  placental and fetal physiology and genetics can play 
important role as well as the time and type of exposure. Therefore, well designed 
studies are needed.  

12.6     AP and Epigenetics 

 Epigenetics is the study of mitotically or meiotically heritable states of gene 
 expression potential that occur without directly altering the DNA sequence. 
DNA methylation, histone modifi cations and miroRNAs are major types of 
epigenetic variations that are currently being investigated in relation to AP and 
health outcomes. The epigenetic process is schematically presented in Fig.  12.6 , 
and briefl y described in the following paragraphs. (for further reading: Yang and 
Schwartz ( 2012 )).  

  Fig. 12.6    Effect of epigenetic marks (DNA methylation, histone modifi cations, and miRNAs) on 
gene expression.  White circles  denote unmethylated CpGs, and  black circles  denote methylated 
CpGs.  Green circles  refer to permissive histone modifi cations, and  red circles  indicate repressive 
histone marks. miRNAs can affect gene expression through either RNA degradation (perfect 
 complementarity and binding) or inhibition of protein translation (imperfect complementarity and 
partial binding) (Reprinted from Yang and Schwartz ( 2012 ), Copyright (2012), with permission 
from Elsevier)       
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  DNA methylation  refers to the covalent addition of a methyl group to cytosine 
nucleotides (5-methylcytosine or 5mC) adjacent to guanine residues in the DNA 
sequence – so-called CpG sites (Irizarry et al.  2009 ). Methylation leads to  ‘switching 
off’ of the genes and thus inhibiting expression of the involved genes 

  Histone modifi cations  refers to the epigenetic changes that controls the 
 accessibility of a particular gene during transcription. In cells, the DNA is tightly 
packaged and ordered in nucleosomes by histone proteins (H2A, H2B, H3 and H4) 
to form chromatin structure. Posttranslational histone modifi cations such as acet-
ylation, methylation, phosphorylation, ubiquitination, SUMOylation and ADP- 
ribosylation on the tails of core histones are important epigenetic modifi cations for 
gene transcription. For example, acetylation of histone tails often increases the 
accessibility of binding sites to transcription factors and thus the activation of gene 
expression. The status of histone acetylation is reversibly regulated by two distinct 
enzymes, histone acetyltransferase (HAT) and histone deacetylase (HDAC). 
Increased histone acetylation by HATs leads to the unwinding of chromatin struc-
ture and transcriptional activation, whereas removal of acetyl groups by HDACs 
causes chromatin condensation and transcriptional silencing. 

  MicroRNAs (miRNAs)  are small (~22 nucleotides), non-coding RNAs that 
 negatively regulate gene expression at posttranscriptional level by RNA degradation 
or inhibition of protein translation (Fig.  12.6 ). The miRNAs are generated from 
much longer primary miRNA by a multi-step process which is regulated by RNase 
III endonuclease (Drosha and Dicer). One miRNA sequence can regulate the 
 expression of multiple genes in a coordinated fashion. 

 There is a growing body of evidence that exposure to air pollutants such as 
 particulate matter or diesel exhaust can lead to epigenetic changes that can have 
potential detrimental health effects (Sonkoly and Pivarcsi  2011 ; Jardim  2011 ; 
Jardim et al.  2012 ). A pubmed search for articles on AP (or particulate matter, ozone 
and traffi c exposure) and epigenetics identifi ed 50 articles (2013, September) with 
27 of them being review articles. Most of the original research articles are focused 
on cardio-respiratory health outcomes. 

12.6.1     AP and Methylation 

 There is a growing body of evidence that exposure to AP results in epigenetic 
changes in human (Jardim  2011 ; Jardim et al.  2012 ; Bellavia et al.  2013 ; Hou et al. 
 2012 ; Bind et al.  2012 ; Carugno et al.  2012 ; Cantone et al.  2011 ; Baccarelli and 
Bollati  2009 ; Bollati et al.  2007 ). Multiple studies have noted that exposure to AP, 
specially  particulate matter or diesel exposure  can lead to  methylation  changes 
that can have potential health effects. These fi ndings have generated great interest in 
identifying epigenetic changes that can modify or mediate AP effect on health 
 outcomes. A study by Bollati et al. demonstrated that exposure to low level of ben-
zene among gas station attendants and traffi c police in Italy were associated with 
both genome-wide and gene-specifi c changes in methylation (Bollati et al.  2007 ). 
In controlled experiment, short term exposure to particulate matter was associated 

T. Islam and F. Gilliland



343

with both genome-wide (Alu) and gene-specifi c (TLR4) hypomethylation (Bellavia 
et al.  2013 ). Recent fi ndings in the Children Health study (Breton et al.  2012 ; Salam 
et al.  2012 ) also demonstrates that exposure to particulate matter can result in 
changes in methylation in the inducible nitric oxide synthase promoter region that 
can lead to health effects (Breton et al.  2011 ). These fi ndings provide the impetus to 
investigate the effect of AP on epigenetic changes that can explain the observed 
health effects of AP. 

 Perera and colleagues reported that maternal exposure to polyaromatic hydrocar-
bon (PAH; a constituent found in diet, tobacco smoke and traffi c-related pollution) 
was associated with DNA methylation level in a CpG site in  ACSL3  in umbilical 
cord blood white cells (Perera et al.  2009 ) and that DNA methylation level was 
associated with increased asthma risk in children (odds ratio [OR] = 3.9; 95 % 
 confi dence interval (CI): 1.14–14.3). 

 A recent study involving 141 participants of NAS observed that ambient SO 2  and 
black carbon level was associated with methylation pattern in the asthma pathway 
suggesting possible mediative role of methylation in AP related respiratory effect 
(Sofer et al.  2013 ). 

 Another study investigated the possible differential pattern of global methylation 
in placenta due to PM 2.5  exposure during pregnancy (Janssen et al.  2013 ). The 
 investigators reported that PM 2.5  was associated with global hypomethylation of the 
placental tissue. Each 5μgm/m 3  increase in PM 2.5  was associated with 2.13 % 
(95%CI: −3.71, −0.54) decrease in placental global methylation. Strongest associa-
tion was observed for 1st trimester especially during the period of implantation. 
This fi nding suggests that the observed effects of AP on pregnancy outcomes can be 
mediated through epigenetic changes of the placental tissue. The major limitations 
in the interpretation of the study fi nding is due to (i) unavailability of gene-specifi c 
methylation, & (ii) lack of cell specifi city. Further studies are required to identify 
the genes that undergo epigenetic changes and specify the cells where those changes 
are most marked.  

12.6.2     AP, Histone Modifi cation and miRNA 

 Currently there is very limited data linking AP to histone modifi cation or microRNA 
and health outcomes. Most of the evidence is indirect and based on  in vitro  studies. 
Two different i n vitro  studies have noted increased gene expression of  IL8  and 
 COX2  genes leading to increased infl ammatory activity in human airway epithelial 
cells exposed to DEP or PM due to increased H4-acetylation (Gilmour et al.  2003 ; 
Cao et al.  2007 ). The few studies investigated the effect of AP on microRNA 
expression profi le have also indicated the involvement of oxidative stress and 
infl ammatory pathway. Jardim et al. investigated the effect of diesel exposure 
microRNA expression in human bronchial epithelial cells (HBEC) (Jardim et al. 
 2009 ). Following exposure to diesel exhaust particle, 1.5 fold change in expression 
was observed for 63 % (197 of 313) of the detectable microRNAs in the HBECs. 
Based on bioinformatics analysis, the microRNAs with highest level of changes 
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were identifi ed to be mostly involved in the regulation of infl ammatory and tumori-
genic pathways. Inhalation of DEP has also been shown to result in changes in 
microRNA expression in peripheral blood (Yamamoto et al.  2013 ). Yamamoto and 
colleagues investigated the effect of DEP exposure on the microRNA expression in 
the peripheral blood of 13 participants with asthma, after exposing them to fi ltered 
air with placebo (FAP), diesel exhaust (300 μg/l PM 2.5 ) with placebo (DEP) and 
diesel exhaust with anti-oxidant supplementation (DEN) in a double blinded cross-
over experiment. The researchers initially identifi ed differential expression of miR-
21, miR30e, miR215 and miR-144 in the peripheral blood following DEP exposure 
and validated increased expression of miR-144 through RT-qPCR. The increased 
expression of miR-144 was associated with decreased activity of NRF2 and other 
downstream anti-oxidant genes (NQO1 and GCLC) and increase in oxidative stress 
measured by 8-hydroxy 2′-deoxyguanosine inn plasma. This fi nding further pro-
vides evidence that exposure to diesel exhaust can result in differential microRNA 
expression may regulate genes of the oxidative pathway. The different sets of 
microRNAs identifi ed in HBEC (Jardim et al.  2009 ) and peripheral blood (Yamamoto 
et al.  2013 ) is expected given tissue specifi city of microRNA. Although miR-21 was 
only marginally (p-value = 0.06, one- sided test) associated with DEP exposure in 
this study, a body of evidence suggests it could be associated with infl ammation, 
oxidative stress, atherosclerosis, carcinogenesis, asthma and allergic pathway and 
toll-receptor pathway (Yamamoto et al.  2013 ). mir21 and two other micro RNA 
(miR222 and miR-146a) was also found to be differentially exposed following 
three days exposure to particulate matter at workplace among foundry workers 
(Bollati et al.  2010 ). Another line of evidence for the possible role of microRNA in 
AP mediated health effect comes from the NAS population, where genes involved 
in microRNA processing (DICER, Gem-associated Protein 4( GEMIN4 ), & 
Diegeorge syndrome critical region 8 ( DGCR8 )) was found to modify the effect of 
exposure to black carbon on blood pressure (Wilker et al.  2010 ) and one of the SNPs 
of  GEMIN4 , rs1062923, also modifi ed the effect of particulate matter on the level of 
soluble intracellular and vascular adhesion molecules (sICAM & sVCAM, respec-
tively), that are markers of infl ammation and endothelial function (Wilker et al. 
 2011 ). However, the observed effect modifi cation of the rs1062923 was paradoxi-
cal. Exposure to BC was associated with increase in diastolic blood pressure among 
homozygous carriers whereas; PM 2.5  was associated with lower level of sICAM and 
sVCAM, compared to homozygous variant and heterozygous. Further studies are 
required to provide credence to the fi ndings and address any apparent 
inconsistencies.   

12.7     Challenges and Limitations 

 Given that most of the diseases are considered to be a complex interplay between 
individual susceptibility and environmental exposure, the role of gene- environmental 
interaction in the causation or exacerbation of disease has gained momentum in the 
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last decade. Genetics certainly plays an important role in defi ning individual sus-
ceptibility to both disease and effect of the environmental exposure. This has ush-
ered in new wave of research in AP and health studies, investigating the joint and 
interactive effect of AP and genetics on different health outcomes. Given the scien-
tifi c importance of, and interest in genetics in AP related health effects, this is a 
burgeoning fi eld that is currently at its infancy facing many  challenges that needs to 
be addressed in future. 

 As discussed earlier, currently only a  limited number of studies  are available 
investigating the interplay between AP-Gene in health outcomes and majority of 
these studies are focused on cardio-respiratory health. Furthermore, most of the 
fi ndings are based on couple of studies (i.e., CHS, NAS, SAPALDIA and others) 
thus limiting the external validity and generalizability of the fi ndings.  Lack of rep-
lication  of the fi ndings has been one major concern. The published evidence of lack 
of replication can be considered as the tip of iceberg given the publication bias 
against  null   fi ndings. Reviewing the studies that have reported gene-AP interac-
tions, it is evident that many of the studies had similar gene, environment and out-
come information to replicate fi ndings from other studies; however, only few such 
 replications are reported. One of the major challenges in replicating the gene-AP 
interaction studies is the availability of similar exposure matrix given the intrinsic 
and extrinsic  heterogeneity in exposure assessment . Population from different 
region, age group, and birth cohort can have substantially different level of exposure 
to the same pollutant; therefore, it can be quite challenging in replicating GxE 
 fi ndings. Furthermore, the exposure assessment of the same pollutant was carried 
out differently in these studies, i.e. using residential distance to major roads, traffi c 
density, or NOx as a measure of ‘ traffi c exposure ’, making replication challenging. 
Sample size is another major concern in investigating GxAP models (Fig.  12.7 ). It 
is evident that to observe modest GxE effect (OR ~ 1.2) quite a substantial sample 
size (N > 5,000) is required unless the minor allele frequency is high (MAF > 0.4) or 
there is substantial variability in exposure. If the standard deviation of the outcome 
variable is large, the required sample size will also increase substantially. The sam-
ple size calculation in the table considered that the outcome variable is continuously 
distributed with the standard deviation being 1/10th of the mean; however, if it is 
even 1/5th of the mean, then the required sample size will almost double. This illus-
trates the challenges faced in identifying GxAP health effects majority of these 
studies. Moreover, if we are to consider possible multiple GxG interactions in GxAP 
models the required sample size can increase substantially. This sample size estima-
tions are based on hypothesis based GxAP models; however, for agnostic approach 
of GWIS will increase substantially. Currently there is also scarcity of studies that 
fully utilizes  different genomic approaches in a single study , i.e. investigating 
the GxAP effect including possible epigenetic changes and gene expression data to 
clearly elucidate the biological pathway involved in GxAP health effects. The avail-
ability of tissue  specifi c epigenetic and gene expression data is specially  challenging 
in large epidemiological studies. To fi ll the paucity in data for demonstration of 
Gene-AP interactions observed in epidemiological studies warrant additional 
research including using non-invasive approaches such as buccal and blood samples 
for biomarker identifi cation.   
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12.8     Summary 

 The availability of new technologies and tools paves the way for innovative GxAP 
studies in future that may identify the underlying biological pathway in disease 
causation or exacerbation. Gene-AP studies in addition to identifying susceptible 
populations will also guide developing preventive and intervention strategies. With 
all the limitations discussed above, we are already witnessing the intricate inter-
play between AP and genomics in wide range of health outcomes starting from 
cardio-respiratory health outcomes to neurological conditions and pregnancy out-
comes. These initial fi ndings should motivate the development of larger new studies 
or consortiums among studies that collect consistent exposure and outcome data.     
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    Chapter 13   
 Urban Air Pollution and Health 
in Developing Countries 

             Junfeng     (Jim)     Zhang      and     Drew     Day   

13.1             Introduction 

 A number of countries have rapidly industrialized in the past few decades, leading 
to severe decreases in air quality associated with industrial processes, urbanization, 
and population growth. Meanwhile, indoor air pollution resulting from household 
combustion of solid fuels remains severe, affecting more than half of the population. 
Each of these two problems contributes greatly to the global burden of disease, as 
outdoor air pollution and household air pollution from solid fuels were responsible 
for 3.4 and 3.5 million premature deaths, respectively, worldwide in 2010 (Lim et al. 
 2012 ). The majority of this disease burden due to air pollution, however, occurs in 
developing countries. Since indoor air pollution from household biomass combustion 
is covered in Chap.   14    , the goal of this chapter is to describe outdoor air pollution 
problems in developing countries with a focus on urban areas. 

 Wealthier nations underwent similar processes decades earlier in a much slower 
fashion, and most have since at least partially addressed the severe air pollution that 
used to affl ict their urban areas. In cities such as Beijing and many northern Chinese 
cities, severe winter smog episodes have frequently occurred in recent years, replay-
ing the historical air pollution episodes of the twentieth century (e.g., Meuse River 
Valley, Belgium in 1930; Donora, Pennsylvania in 1948; and London in 1952). For 
example, daily PM 2.5  concentrations measured on the grounds of the U.S. Embassy 
in Beijing in the month of January from 2010 to 2014 frequently exceeded 100 μg/
m 3  and reached as high as 552 μg/m 3 , about 16 times the US EPA’s 24-h standard for 
PM 2.5  of 35 μg/m 3  (see Fig.  13.1 ). Given that the highest air pollutant concentrations 

        J.     Zhang  , Ph.D.      (*) •    D.   Day  , B.A., B.S.    
  Nicholas School of the Environment & Duke Global Health Institute ,  Duke University , 
  LSRC A309, 308 Research Drive ,  Durham ,  NC   27708 ,  USA   
 e-mail: junfeng.zhang@duke.edu  

http://dx.doi.org/10.1007/978-1-4471-6669-6_14
mailto:junfeng.zhang@duke.edu


356

are found in rapidly industrializing developing nations, it is important to understand 
what types of exposures are occurring there and why. The following specifi c 
questions will be addressed: 

    1.    What are the levels and composition of the urban air pollution mixture in 
 developing countries in comparison to those in developed countries? What are 
the trends in emissions?   

   2.    What are the major sources that contribute to urban air pollution in developing 
countries?   

   3.    What are the disease burdens attributable to outdoor air pollution in developing 
countries? Is it appropriate to use concentration-response relationships derived 
from studies at lower concentrations in health risk assessment for developing 
countries?   

   4.    What are the recommendations for reducing health risks associated with urban 
outdoor pollution in developing countries?    

  Fig. 13.1     January PM  2.5   concentrations measured at the U.S. Embassy in Beijing 2010–2014.  
Winter PM 2.5  concentrations in Beijing far exceed international standards. In this  boxplot , the  top 
whisker line  corresponds with the maximum value, the  top line  of the  box  corresponds with the 
75th percentile, the  blue diamond  is the mean, the  middle box line  is the median, the  bottom box 
line  is the 25th percentile, and the  bottom whisker line  is the minimum (Data were retrieved from 
the Beijing U.S. Embassy air monitoring Twitter feed at   https://twitter.com/BeijingAir)           
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13.2       Pollution Levels and Emission Trends 

 Urbanization has been a dominant trend in the developing world that has expanded 
at a much higher rate than what occurred previously in the developed world. For 
example, it took the United States 90 years to go from 40 % urbanized in 1900 to 
over 75 % urbanized in 1990, but the same process took only 20 years in South 
Korea and only 30 years in Brazil (Henderson  2002 ). This urbanization can lead to 
worsening air pollution as increased vehicle traffi c, household emissions, and power 
plant and factory emissions resulting from the tightly packed population centers 
create areas of high emissions and high exposure. Currently, 19 of the top 25 most 
populous cities in the world are in developing countries, and many of these megaci-
ties have annual average concentrations of air pollutants in excess of health-based 
standards and guidelines, as can be seen in Fig.  13.2 . In particular, megacities in 
developing countries tend to have higher air pollution concentrations than those in 
developed countries, consistent with the PM 10  emission trends described below.  

  Fig. 13.2     Annual mean urban PM  10   levels versus international standards in the 25 most 
populous cities  .  Many of the top 25 most populous cities in the world have annual PM 10  levels 
above national and international standards. The cities are ordered in terms of increasing annual 
mean PM 10  concentrations, which are based on WHO data from 2003 to 2010. The top 25 most 
populous cities were determined based on the 2011 population in the “urban agglomeration” as 
defi ned by the UN (UNDESA  2011 ). Shenzhen was in the top 25, but PM 10  data was not available 
for that city. Therefore we used Jakarta (#26) instead. The US EPA annual standard for PM 10  was 
obtained from their website, but this standard was revoked in 2006 in favor of only having a 24-h 
average standard of 150 μg/m 3  for PM 10  that is not to be exceeded more than once a year on 
 average. The EU annual standard of 40 μg/m 3  was established in 2005 and obtained from the 
European Commission website. The WHO annual guideline of 20 μg/m 3  was obtained from their 
website and is up to date as of 2014       
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 Over the past four decades, the developed countries in North America, Europe, 
and the Pacifi c have implemented policies to curtail the severe air pollution events 
that had plagued them during the early and mid-twentieth century. One of the con-
sequences of the increased stringency of pollution control regulations in the devel-
oped, industrialized world is the outsourcing of more polluting manufacturing jobs 
into the developing world by multi-national corporations. This process was coupled 
with domestically driven industrial development by a number of countries that saw 
industry as a path to national prosperity. Increased national wealth is coupled with 
a desire for increased living standards among the population. For example, the use 
of cars as a means of personal transportation rose rapidly with per capita income. 
Many of these developing countries have among the highest population density in 
the world, and so the rise of personal vehicles has become a major source of air 
pollution and transportation congestion in the developing world. Furthermore, these 
higher living standards led to increased energy consumption. These trends coupled 
with higher rates of garbage and agricultural combustion, low quality fuel use, coal 
combustion and other major polluting energy sources, and construction-related dust 
have led to much higher air pollutant concentrations in developing countries in 
 comparison with the developed world. Figure  13.3  shows how drastic the air pollution 

  Fig. 13.3     Global annual PM  10   emissions in 1970 and 2008.  The annual emissions scale ranges 
from  green , marking 0 to 10 tons, to  blue , marking greater than 100 tons. The  lines  over bodies of 
water refl ect the PM 10  contribution of major international shipping and aviation routes (These 
maps were obtained from the European Commission Joint Research Centre Emission Database for 
Global Atmospheric Research (EDGAR)   http://edgar.jrc.ec.europa.eu/overview.php?v=42    )       
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burden shifts of the past four decades have been, using PM 10  emissions as a  surrogate 
marker for other major air pollutants in terms of global trends (PM 2.5  data are largely 
unavailable historically).  

 There are many noticeable differences between these two time periods. PM 10  
distributed across the eastern area of the United States and Canada diminished over 
the decades. Southern Mexico, Central America, and the Caribbean have increased 
their air pollution emissions, though Cuba produces much less PM now. PM 10  emis-
sions in South America attributable to wide-scale forest burning have abated, though 
the population centers of the continent in Venezuela, Brazil, and Argentina have 
much worse air quality currently. Europe has generally seen remarkable improve-
ments in air quality, though Asia Minor and parts of Northern Africa have gotten 
worse. Most of the line of PM 10  across the former Soviet Union and Kazakhstan has 
disappeared with the collapse of the USSR. A thick belt of heavy PM pollution has 
developed between the Saharan Desert and the equator in Africa, though Southern 
Africa has improved. The already thick pockets of air pollution over South, East, 
and South-East Asia have intensifi ed in the past four decades. Finally, it is apparent 
that the developed countries of the Pacifi c, namely Australia, New Zealand, Japan, 
and South Korea, have experienced air quality improvements. These global trends 
only account for PM 10 , but there are similar patterns of other major air pollutants on 
the global scale. 

 To get a clearer picture of just how the contribution of different countries to 
global air pollution burdens has changed, Fig.  13.4  maps out the regional trends in 
annual PM 10  emissions from 1970 to 2008.  

 The starkest trend in this fi gure is that of the Northern and Western African 
regions, which have dramatically increased particulate emissions in the latter half of 
the 2000s. This has been driven by rapid industrialization in the coastal West African 
countries and the belt of Central and Eastern African nations just south of the Sahel 
Desert, where some of the fastest urbanization rates in the world are occurring. On 
the other end of the emissions scale, the Middle Eastern countries have gone from 
being barely visible on the fi gure in the 1970s to just becoming apparent in the 
 mid- 1990s and 2000s. The regions that are steadily increasing include Northern and 
Western Africa, China and surrounding countries, India and surrounding countries, 
and the Middle East. There have been increases that seem to oscillate in a less 
 discernible pattern for Eastern and Southern Africa, Southeast Asia and Indonesia +, 
and South America. Asia-Stan and Russia + and Central America peaked in the late 
1990s and are on the decline now. The regions that have experienced a steady 
decline in air pollutant emissions are North America, OECD Europe, Central 
Europe, and Japan and Korea. Finally, Oceania, Turkey and Ukraine +, and interna-
tional shipping and aviation have been relatively steady emitters over these past four 
decades. These trends show that the greatest burden of air pollution exposure falls 
on the developing countries, in particular those in the process of massive urbaniza-
tion and industrialization.  
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13.3     Criteria Air Pollutants in Developing Countries 

 The urban air pollution mixture is very complex in terms of its chemical  composition. 
In the United States, common pollutants in this mixture that affect the general 
 population are regulated as criteria air pollutants, including particulate matter (PM 10  
and PM 2.5 ), lead, ozone, nitrogen dioxide, carbon monoxide, and sulfur dioxide. 
Similarly, some or all of these pollutants have national standards in many other 
countries and have guidelines by WHO. In the previous section, we have described 
emission trends and typical ambient concentrations of PM 10 , because PM  (especially 
PM 2.5 ) has been most commonly linked to various adverse health effects. Although 
PM 2.5  is a more health-relevant measure of PM, historical data are less available 
for PM 2.5  than for PM 10 . Given the focus on PM in the previous section, the 
following section will not emphasize that criteria pollutant. Below we describe 

  Fig. 13.4     Global PM   10    emission trends by region from 1970 to 2008 . The regions with more 
developing nations have grown to comprise a greater share of the global PM 10  emissions. The por-
tion of total PM 10  emissions contributed by each world region is shown by the thickness of the 
space between  lines  that represents each region. The regions are organized from highest total PM 10  
emissions from 1970 to 2008 on  top  to the lowest total emission regions on  bottom . Each  line  
represents the trend in total PM 10  annual emissions for that region and all the ones below it. All data 
were obtained from the European Commission Joint Research Centre Emission Database for 
Global Atmospheric Research (EDGAR) (  http://edgar.jrc.ec.europa.eu/overview.php?v=42    ). 
 Asia-Stan : Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, Uzbekistan;  China + : China, Hong 
Kong, Macao, Mongolia, Taiwan;  India + : Afghanistan, Bangladesh, Bhutan, India, British Indian 
Ocean Territory, Sri Lanka, Maldives, Nepal, Pakistan;  Indonesia + : Indonesia, Papua New 
Guinea;  Russia + : Armenia, Azerbaijan, Georgia, Russian Federation;  Ukraine + : Belarus, 
Republic of Moldova, Ukraine (For more information on the regional categories, please visit   http://
edgar.jrc.ec.europa.eu/methodology.php)           
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how developing countries differ in other common pollutants of the urban air pollution 
mixture from developed countries. 

13.3.1     Lead 

 Lead can enter the air through a variety of natural processes, such as volcanic eruptions, 
forest fi res, and soil erosion. The natural background concentration of lead in the air 
can vary due to local natural sources. The background lead concentration was 
5–15 ng/m 3  in Central Europe in 2003 (UNEP  2010 ), but it was approaching 100 ng/m 3  
in 2005 in Australia due to a higher prevalence of brush fi res (Heritage  2005 ). The 
corresponding background child blood lead levels worldwide are generally in the 
range of 10–30 μg/l (WHO  2000 ). Anthropogenic sources include lead smelters, 
waste incineration, battery recycling, mining operations, lead paint dust, and leaded 
gasoline. The latter two sources have been reduced signifi cantly through legislation 
either banning or signifi cantly reducing lead content in certain countries. Today 
only some of the developed countries have signifi cant regulations on paint lead 
content, whereas all but six countries in the world have bans on leaded gasoline (see 
the Sect.  13.4.3  for more information on leaded gasoline). Nevertheless, some 
 illegal production of leaded gasoline still occurs. The widespread banning of leaded 
gasoline has reduced the impact of this air pollutant, particularly in developed 
 countries. Finland began phasing out leaded gasoline in the early 1980s, and from 
1980 to 1991 the mean ambient air lead concentrations dropped from 0.335 to 
0.041 μg/m 3  in Helsinki (Ponka et al.  1993 ). Though lead air concentrations have 
dropped in developed countries, they are still an issue due to mining and industrial 
processes. The United States banned lead paint in 1977 and leaded gasoline in 1995, 
but 21 cities or counties exceeded the 3 month rolling average standard of 0.15 μg/m 3  
as of 2014. Lead exposure through ambient air may still be an issue in some 
 developed countries, but the problem is more severe in developing countries. 

 Although the US EPA monitors ambient air concentrations of lead, many 
 countries do not, and so it is diffi cult to assess lead exposure via air in developing 
countries. More countries monitor blood lead levels (BLLs) in children, and so this 
can be used as a marker of the total exposure that a child receives in a given country. 
The WHO based the establishment of its 2000 air lead concentration guideline for 
Europe, 0.5 μg/m 3 , on the assumption that 1 μg/m 3  lead in the air corresponds to 
50 μg/l lead in the blood through inhalation exposure and other indirect routes 
(WHO  2000 ). The U.S. phasing out and eventual ban of leaded gasoline contributed 
to an 84 % reduction (from 8.6 to 1.4 %) in the percentage of children with elevated 
blood lead levels (≥100 μg/l) from 1988 to 2004 (Jones et al.  2009 ). The banning of 
leaded gasoline in 2000 in China was a large factor in the 29 % reduction (from 33.8 
to 23.9 %) in the mean percentage of children with elevated blood lead levels from 
the 1995–2003 sampling period to the 2001–2007 period (He et al.  2009 ), but the 
fraction of children with elevated blood lead levels still remain much higher in 
China than in the U.S. 
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 Similarly, blood lead levels measured in Kinshasa, the capital of the Democratic 
Republic of the Congo, are much higher than those measured in the U.S., even after 
the banning of leaded gasoline. In 2008, the ambient lead concentration in the urban 
air ranged from 0.57 to 5.22 μg/m 3 . Sixty three percent of children measured in 
2004 and 71 % of children measured in 2008 had elevated BLLs (Tuakuila et al. 
 2013a ). Leaded gasoline was banned in 2009, and by 2011 only 41 % of children 
measured had elevated BLLs, a 42 % reduction. Nevertheless, this is still a very high 
incidence of hazardous lead exposure, indicating that the children of Kinshasa are 
still being exposed to signifi cant amounts of lead through other routes (e.g., inhala-
tion and ingestion of lead-contaminated soil, the use of fi red clay as a traditional 
treatment for gastritis during pregnancy, household paint chips, and household 
Portland cement) (Tuakuila et al.  2013b ). The post-leaded gasoline phase-out 
 incidence of elevated BLLs is higher in Kinshasa in comparison to other areas of 
Africa. In 1991, over 90 % of the children attending inner city schools in the Cape 
Peninsula of South Africa had elevated BLLs, but by 2002, when leaded gasoline 
represented only 30 % of the market, only 10 % of children in those same schools 
had elevated BLLs (Mathee et al.  2006 ). Leaded gasoline was phased out of Uganda 
in 2005, and a 2009 study of schoolchildren in Kampala found that 20.5 % had 
elevated BLLs, less than the percentage found in Kinshasa and China but still far 
greater than that found in the USA (Graber et al.  2010 ). These examples indicate 
that the phasing out of leaded gasoline has signifi cantly reduced ambient air lead 
concentrations and children’s blood lead levels, but lead exposure through airborne 
and other routes still remains much more of a problem in the developing world.  

13.3.2     Sulfur Dioxide 

 SO 2  is used as an indicator for the sulfur oxides (SO X ), as it is the sulfur oxide with 
the highest concentration in the atmosphere. SO 2  is also a precursor of particulate 
sulfate formed photochemically in the atmosphere. SO 2  has been dramatically 
reduced in developed countries due to regulations concerning industrial emission 
controls and other important sources. The US EPA Clean Air Act resulted in a 78 % 
reduction in national SO 2  levels (CAI-Asia  2010 ). On the whole, global SO 2  
 emissions have declined from 1990 to 2010 (from 121 to 103 Tg SO 2 ), led mostly 
by declines in the developed world (Klimont et al.  2013 ). The greatest sources for 
2011 in order of contribution are the energy sector (40 Tg; primarily coal with 
petroleum combustion as the next largest source), industry (38.7 Tg), shipping (13.6 
Tg), residential sources (6.4 Tg), transportation (1.6 Tg), and waste (0.3 Tg). 

 China contributed 29.1 % of global SO 2  emissions in 2011, showing a peak in 
2005, after which the control measures in the 11th Five Year Plan (2006–2010) 
resulted in a 14 % reduction in SO 2  emissions and a concomitant 13–15 % and 
8–10 % reduction in ambient SO 2  and SO 4  2− concentrations, respectively, over 
eastern China (Wang et al.  2014 ). Nevertheless, China is still the largest contributor 
to global SO 2  emissions of any country. India is the next largest contributor, just 
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behind total international shipping, and it has been steadily increasing SO 2  emissions 
from 1990 to 2011, rising from 2.8 to 10 % of the global total (Klimont et al.  2013 ). 
Much higher coal usage in China and India is the main factor leading to their 
 relatively high SO 2  levels. Coal use in U.S. is relatively high for an industrialized 
nation, making it the next greatest contributor to emissions behind India (6.2 % of 
the global total in 2011). Over 70 % of total SO 2  emissions in the U.S. came from 
coal-fi red power plants in 2008 (USEPA  2012 ). However, cleaner coal processing 
and increased removal of gaseous byproducts from fl ue gas in the U.S. have made it 
so that SO 2  ambient levels in 2012 are nearly all below the US EPA 1 h maximum 
standard (99th percentile of 1 h daily maximum concentrations, averaged over 
3 years) of 75 ppb (196 μg/m 3 ) (USEPA  2013a ). For most other countries in the 
world, regardless of economic status, SO 2  is a relatively minor pollutant, though it 
may still have a signifi cant health impact below national standards. A recent study 
in Seoul on ambient pollution levels and tuberculosis incidence found that SO 2  was 
the only pollutant correlated with a signifi cantly increased risk of TB in males, even 
though SO 2  levels (annual average of 6.1 ppb) were below Korean standards (annual 
average of 20 ppb) (Hwang et al.  2014 ). It is not clear if the health effects of SO 2  are 
mainly attributable to the pollutant itself or to the secondary pollutants it creates 
through atmospheric chemical reactions.  

13.3.3     Nitrogen Dioxide 

 NO 2  is used as an indicator of the nitrogen oxides (NO X ) due to its more common 
prevalence than NO and N 2 O, much like SO 2  and SO X . NO 2  is formed by high 
 temperature combustion, in which nitrogen reacts with oxygen to form NO and then 
NO 2 . NO 2  and other NO X  contribute to the formation of secondary pollutants such 
as particulate nitrate (He et al.  2014 ). For example, due to increasing emissions of 
NOx, the nitrate/sulfate ratio in PM 2.5  increased from 0.43 to 0.75 from 2000 to 
2009 in Shanghai, China (Huang et al.  2012a ). 

 In many areas the greatest source of NO X  is traffi c-related pollution. Overall, 
mobile sources (57.5 %), fuel combustion from stationary sources (24.2 %), and 
industrial processes (8.4 %) account for the majority of the 14.1 Tg of NO X   emissions 
in the U.S. (USEPA  2014a ). As a result, the cities with the greatest concentrations 
of NO 2  in the U.S. often have the worst traffi c problems, such as downtown Los 
Angeles, which had an annual 98th percentile of daily 1-h maximum average of 
67 μg/m 3  in 2011 (USEPA  2013b ). In the U.S., over 90 % of NO 2  concentrations 
have been below the national annual 98th percentile of daily maximum 1-h average 
standard of 100 ppb (188 μg/m 3 ) at least since the early 2000s, and they continue to 
show a decline. The Japanese government enacted the Automobile NO X  Law in 
1992 to ban vehicles in certain areas not conforming to emission standards and 
strengthened it to include PM considerations and stricter standards in 2001. Areas 
in which the law was enforced had half the average annual NO 2  concentration that 
unenforced areas did (21.8 versus 39.3 μg/m 3  for 2006–2009), and this was 
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 correlated with a reduction in asthma and atopic dermatitis prevalence even after 
 controlling for PM (Hasunuma et al.  2014 ). 

 China is the largest producer of NO X , emitting 23.4 Tg in 2012. However, 
 according to the Chinese Ministry of Environmental Protection, 70.9 % of this was 
from industrial sources, with motor vehicles only accounting for 27.4 % (MEP 
 2013a ). Beijing has a high concentration of vehicle traffi c, but it also receives about 
50 % of its NO X  from regional and not local sources (Ma et al.  2014 ). The high 
industrial contribution to Beijing NO X  levels is likely due to sources in the greater 
Beijing/Tianjin/Hebei area, which accounts for 43 % of national coal consumption, 
30 % of national thermal power consumption, and 50 % of national steel and coke 
 production. Beijing had a monthly mean concentration of 100 ppb NO X  in January 
2013 (He et al.  2014 ). During this time levels spiked to around 350 ppb a few times 
and over 200 ppb several times, and so the 98th percentile of daily maximum 1-h 
average would likely be much higher than the monthly mean. Nationwide average 
concentrations of NO 2  show a slightly increasing trend. 

 In India, NO 2  pollution shows increasing trends in many areas. In the National 
Capital Region and surrounding states, increasing trends from 2007 to 2011 have 
been seen in the annual mean NO 2  concentrations of the National Capital Territory 
of Delhi (49.67–57 μg/m 3 , 15 % increase), Uttar Pradesh (36.17–44 μg/m 3 , 22 % 
increase), and Haryana (25–54 μg/m 3 , 116 % increase) (Board, N.C.R.P  2013 ). By 
2011, each of these regions exceeded the national annual average NO 2  air quality 
standard of 40 μg/m 3 .  

13.3.4     Carbon Monoxide 

 As a principal product of incomplete combustion, CO has global background 
 concentrations ranging from 0.06 to 0.14 mg/m 3  depending on natural sources such 
as photochemical synthesis, volcanic eruptions, and forest fi res (WHO  2000 ). 
Mobile sources account for the bulk of CO emissions (50.8 % of total U.S.  emissions 
in 2011 (USEPA  2014b )), and so concentrations of this pollutant tend to be higher 
in urban environments with dense traffi c. Vehicle emission controls greatly  infl uence 
CO emissions, as average Pakistani vehicles emitted 25 times more CO than the 
average U.S. vehicle in 2000 (Barletta et al.  2002 ). The EU has made great strides 
to reduce CO emissions from 1990 to 2010, with all but one member country 
showing reductions ranging from 92 % in Luxembourg to 18 % in Romania, in large 
part through vehicle emission regulation (EEA  2010 ). 

 CO pollution has been very effectively curbed in the U.S., so much so that no 
counties exceeded the 8-h average standard of 9 ppm (10.3 mg/m 3 ) more than once 
per year in 2012 (USEPA  2014c ). The last nonattainment area for CO in the U.S. 
was redesignated as being in attainment in September 2010. CO concentrations 
dropped 83 % from 1980 to 2012 in the U.S., from a mean annual second maximum 
8-h average of 8.9 ppm (10.2 mg/m 3 ) to 1.5 ppm (1.7 mg/m 3 ). CO levels have also 
been dropping in Chinese cities. In Shanghai, CO annual averages have dropped 
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from about 1.4 mg/m 3  in 2008 to 0.88 mg/m 3  (37 % decrease) in 2012  (EPB- Shanghai 
 2013 ), and Beijing annual averages have dropped from about 2.5 mg/m 3  in 2006 to 
1.4 mg/m 3  (44 % decrease) in 2012 (EPB-Beijing  2013 ). However, increasing 
 vehicle traffi c in East Asia, South Asia, Africa, and other rapidly urbanizing 
 environments may lead to increased CO exposure to urban populations. In Lagos, 
short-term air monitoring along a busy road found CO values exceeding the US 
EPA 8-h standard (Olajire et al.  2011 ). The average roadside concentration seen in 
Lagos, 19.27 ppm, is much higher than that seen roadside in central London, 
0.53 ppm (von Schneidemesser et al.  2010 ). Furthermore, a global comparison 
found higher CO concentrations in Latin America and Asia when compared to the 
United States and U.K. (von Schneidemesser et al.  2010 ).  

13.3.5     Ozone 

 Ozone is a major component of photochemical smog. Concentrations of ozone 
 typically have large daily variations depending on variations in heat, sunlight, and 
precursor gas concentrations. Monitoring in Agra, India found a diurnal ozone cycle 
with an average maximum concentration of 117 μg/m 3  in the peak noontime and an 
average minimum concentration of 23.2 μg/m 3  at sunrise (Saini et al.  2005 ). Though 
ozone concentrations can be high in urban environments, the presence of NO in the 
local urban air can “quench” ozone, causing there to be lower concentrations of O 3  
in urban areas and possibly higher O 3  in non-urban areas where NO concentrations 
are low. 

 Ozone is still a major problem in both the developing and developed world. In 
July 2006, afternoon mean surface ozone concentrations show the highest levels 
between the 30° N and 60° N parallels, especially the Eastern and Western U.S., 
Europe, the Middle East, Central Asia, and the Yellow Sea area (WHO  2007 ). Other 
areas of high ozone include the Arabian Peninsula and southern Africa. In Delhi, 
average hourly concentrations measured in 2008 ranged from about 20 μg/m 3  at 
9:00 pm to over 70 μg/m 3  at 3:00 pm (Guttikunda  2009 ). Ozone concentrations are 
much higher in the summer, and so there is considerable seasonal variation. 2010 
peak pre-monsoon summer average ozone concentrations in the twin Pakistani 
 cities of Islamabad and Rawalpindi were about 42.7 μg/m 3 , as compared with about 
31.8 μg/m 3  in the deep winter (Ahmad and Aziz  2013 ). In the United States, ozone 
levels decreased the least of all the criteria air pollutants following the Clean Air 
Act and other relevant air pollution legislation. There was only a 9 % reduction in 
O 3  from 2000 to 2012, compared to the next smallest reduction, 27 % for PM 10 , and 
the largest reduction, 57 % for CO (USEPA  2014c ). Furthermore, 94 % of people in 
the United States estimated to live in counties with at least one air pollutant concen-
tration exceeding its relevant standard in 2012 live in counties with ozone exceed-
ances, far greater than for any other criteria pollutant. The high burden of ozone in 
the U.S. is apparent in that the US EPA 1-h and 8-h ozone standards are higher than 
those for most Asian nations or territories with the exception of the Hong Kong 
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SAR (1-h), Indonesia (1-h), Singapore (8-h), and Bangladesh (1 and 8-h) (CAI-Asia 
 2010 ). Interestingly, unlike other directly emitted air pollutants, ozone is not 
 necessarily higher in developing countries.   

13.4     Air Pollution Sources More Common in Developing 
Countries 

 Common anthropogenic sources of air pollution in urban atmospheres in both 
developed and developing countries include fuel combustion for energy production 
(e.g., power plants, steam generation, household and commercial boilers/heaters), 
industrial processes (e.g., oil refi nery), solvent utilization, gasoline or diesel pow-
ered vehicles, and fugitive dust (for PM only). In addition, the pollutants generated 
outside a city can be transported, along with secondary pollutants that are formed 
via photochemical reactions, contributing to the complex mixture of urban air pollu-
tion. Here we describe some unique air pollution sources in developing countries. 

13.4.1     Industrial Emissions Especially from Coal Combustion 

 Industries emit air pollutants in every country, but more developed countries have 
much more stringent standards in regards to point source emission control. For 
instance, the EU has experienced signifi cant reductions in industrial air pollutants as 
a result of its Large Combustion Plant (LCP) Directive, implemented in 2001, which 
required that new plants follow strict standards and that old plants exhibit signifi cant 
reductions in criteria pollutants by 2008 (Commission  2014 ). From 2007 to 2009, 
LCPs reduced emissions of SO 2  by 44 %, NO X  by 27 %, and dust by 44 % (Grebot 
et al.  2012 ). Nearly all member nations showed negative trends for these pollutants, 
with the exceptions of Romania, Sweden, and Slovakia for SO 2 ; Greece, Hungary, 
and Sweden for NO X ; and Cyprus, Hungary, Lithuania, and Latvia for dust. In terms 
of meeting emissions ceilings, compliance was exceedingly good, with only Estonia’s 
and Romania’s SO 2  emissions as well as Bulgaria’s SO 2 , NO X , and dust levels 
exceeding their limits. Even with a number of developing countries in its member 
nations, the EU was able to successfully curb industrial emissions with good com-
pliance rates using well-enforced legislation. Many developing countries suffer 
much higher air pollution due to a lack of enforcement of emission standard laws. 

 In more developed industrialized nations, policies requiring fl ue gas scrubbers 
and other technologies have been instrumental in reducing industrial sources of air 
pollution. The common technologies used to clean fl ue gases include electrostatic 
precipitators and fabric fi lters for reducing PM; fl ue-gas desulfurization (FGD) for 
reducing SO 2 ; fl ue-gas denitrifi cation for reducing NO X  through selective catalytic 
reduction (SCR) and selective non-catalytic reduction (SNCR); and wet and dry 
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scrubbing, absorbers, fl ue gas recirculation, etc. for a variety of air pollutants. China 
has adopted most of these technologies to varying extents, including circulating 
fl uidized beds (CFB), in which a gas or fl uid is passed through a high kinetic energy 
solid-fl uid mixture to increase gas/fl uid-solid contact, to increase coal combustion 
effi ciency and reduce emissions (Chen and Xu  2010 ). In addition, they have 
 extensive FGD system use in coal-fi red plants due to the 11th Five Year Plan, which 
has helped to reduce SO 2  emissions from the 2005 peak though enforcement and 
implementation across provinces is still an issue. However, the relatively high oper-
ating costs of NO X  removal systems such as SNCR/SCR, which inject urea or 
ammonia into the fl ue gas to reduce NO X  into N 2 , have impeded its large scale instal-
lation in China until the 12th Five Year Plan (2011–2015) required that all new 
thermal power plants be fi tted and old, large plants be retrofi tted with SCR/SNCR 
(Chen and Xu  2010 ; Zhao et al.  2013 ). Though China has issued laws requiring the 
use of these technologies, enforcement appears to be too relaxed given the number 
of plants and factories above emission standards. 

 The severe, prolonged smog episodes in Northern China have major inputs from 
industrial plants in Hebei and Shandong Province as well as other northern and 
central provinces. Unprecedented transparency in air pollutant monitoring results 
ordered by the Ministry of Environmental Protection (MEP) in July 2013 revealed 
that several large scale steel factories and thermal power plants were consistently 
breaching discharge standards. From October to December 2013, a comparison of 
eight major pollution sources each in Hebei and Shandong showed that NO X  emis-
sions were 30 and 37 times greater, respectively, than eight major sources in Beijing 
(Ma et al.  2014 ). This contributed to Hebei and Shandong being the No. 1 and No. 
2 greatest emitters of NO X  of any Chinese province in 2012 (MEP  2013b ). Industrial 
emissions accounted for 84–91 % of total national SO 2  emissions for China in 2011, 
and the industries monitored in these provinces also showed a high frequency of 
exceeding SO 2  standards. During a month and a half period in fall 2013, 13 cities in 
Shandong had a 24-h moving average air quality index over 200, and many indus-
tries in those cities were exceeding NO X  and SO 2  emission standards every hour 
during the worst days (Ma et al.  2014 ). Shandong has already implemented more 
stringent emission standards, but most companies will require signifi cant measures 
to bring their emissions down. Thermal power and cement production facility 
 emission standards are lacking in Hebei, and so are municipal standards in other 
major polluting provinces, such as Jiangsu, Zhejiang, and Liaoning. The use of coal 
to power industrial and power plants is a major source of many air pollutants. Coal 
use is extremely high in the Yangtze River Delta region (Jiangsu/Zhejiang/Shanghai, 
1.2 billion metric tons in 2011), with the industrial sector being the greatest con-
sumer (39 %). This region consumes more coal than the entire U.S. (807 million 
metric tons in 2012 (USEIA  2014 )), which contributed to it being the area of China 
with the greatest discharge intensity (tons per km 2  land area) for SO 2 , NO X , and 
VOCs (Ma et al.  2014 ). Though China has adopted some technologies to clean fl ue 
gas on a case by case basis, it lacks widespread legislation and enforcement  measures 
to ensure these technologies are used across the country. Issues with power plant 
and factory emissions is not a problem unique to China, but it provides an extreme 
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example of how a lack of regulation enforcement can contribute  signifi cantly to 
ambient pollution. Other less industrialized developing countries also lack 
 legislation concerning industrial emissions.  

13.4.2     Open Burning 

 The widespread burning of trash and other waste can be a major contributor to 
ambient air pollution, particularly on a local scale. Garbage burning releases 
 particulate matter, carbon monoxide, toxic organics from plastics, toxic metals, 
PAHs, and to a lesser extent SO X  and NO X . Many developing countries lack regula-
tions or suffi cient enforcement concerning garbage disposal or other forms of open 
burning. Open burning is defi ned as combustion that releases emissions directly into 
the open air without passing through an adequate chimney or duct. This is an issue 
that affects both rural and urban settings in a local sense, but the health burden of 
this practice is especially severe and wide reaching in crowded urban settings where 
more people are exposed to these emissions. However, no data are available on the 
quantitative assessment of the health impact from such unique sources. 

 Open burning exists even where it is illegal when laws are not suffi ciently 
enforced. This practice is illegal in Mumbai, but about 2 % of the solid waste gener-
ated in each of the city’s wards is disposed of in this fashion (NEERI  2010 ). Open 
burning in Mumbai accounts for 8.7 % of all annual combustion-related emissions 
of PM, CO, NO X , SO 2 , and hydrocarbons (HC). More specifi cally, it accounts for 
23.9 %, 15.7 %, and 26.1 % of all annual combustion-related PM, CO, and HC 
emissions, respectively. This open burning includes the combustion of municipal 
waste, auto parts, wood refuse, small-scale industrial waste, and leaves. One of the 
more distinctive components of garbage is plastic materials, which give off some 
unique compounds when combusted. Plastic combustion mainly produces non- specifi c 
even-carbon-chain alkanes, terephthalic acid, phthalates, and 4- hydroxybenzoic 
acid. Minor products include PAHs (in particular triphenylbenzenes) and tris(2,4-
di-tert-butylphenyl)-phosphate, and air sampling in Chile suggested that 1,3,5-tri-
phenylbenzene and tris(2,4-di-tert-butylphenyl)-phosphate could be used as unique 
markers of plastic burning (Simoneit et al.  2005 ). 

 These trash-burning operations can be a signifi cant source of fi ne particulate 
matter in certain areas. For example, a study in Accra, Ghana found that an increase 
of 5 open trash burning spots per hectare was associated with a 27 % increase 
in local PM 2.5  concentrations (Rooney et al.  2012 ). Garbage burning in the home in 
Accra was also associated with a 195 % increased risk of low birth weight (Amegah 
et al.  2012 ). There is not only an increase in fi ne particulate matter surrounding the 
burning sites, but also an increase for the entire urban environment. An analysis of 
monitoring stations around Hyderabad, India found that waste burning accounted 
for 12 % of PM 2.5  in the summer and winter (7 % during rain), and 4–6 % of PM 10  
depending on weather and season conditions (Guttikunda et al.  2013 ). A study of 
the Mexico City Metropolitan Area found that there were about 25 tons of primary 

J. Zhang and D. Day



369

organic aerosols (POAs) emitted in the area each day as a result of trash burning, 
which is a similar amount to fossil fuel POA emissions for that city (Hodzic et al. 
 2012 ). The authors concluded that reducing or eliminating trash burning could 
reduce ambient POA concentrations by 2–40 % and PM 2.5  concentrations by 1–15 % 
depending on the location within the city. 

 In contrast, developed countries do use burning as a means of eliminating waste, 
but this is usually done in incineration plants with much higher temperatures and 
scrubbers to remove pollutants from the emissions. These strategies lead to a much 
lower exposure burden for the local population. In terms of particulate matter pollu-
tion, sampling and modeling of British incineration plants found that the levels of 
PM 10  immediately at the mouth of the fl ue, or waste gas duct, varied between 0 and 
10 μg/m 3  depending on use, and ground concentrations were modelled to not exceed 
0.01 μg/m 3  even under the most intense use conditions (Ashworth et al.  2013 ). 
Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans 
(PCDFs) are carcinogenic byproducts of combustion that can be associated with 
waste incineration, especially if it is performed at lower temperatures or if the fl ue 
contains electrostatic precipitators that can provide a surface that catalyzes these 
compounds’ formation. However, commonly employed wet scrubbers in the fl ue are 
effi cient at removing these  pollutants (Karademir and Korucu  2013 ). Even workers 
inside of the incineration plants are exposed to metal, VOC, PM, and airborne 
microorganism levels well below international occupational exposure standards 
(Sabatini et al.  2013 ). The contribution of open waste burning to air pollution in 
developing countries is largely absent from developed countries, and this leads not 
only to higher levels of general combustion products such as CO, PM, PAHs, but 
also some unique pollutants such as chlorinated compounds.  

13.4.3      Low Quality Gasoline and Diesel 

 Mobile sources are signifi cant contributors to urban air pollution in megacities. 
Emission rates of pollutants depend on engine combustion effi ciency, whether there 
is a catalytic converter or other pollution control device, and fuel quality. The com-
position of gasoline and diesel can vary signifi cantly based on refi ning processes, 
and these variations affect the emissions produced through gasoline combustion. 
Various regulations in developed and developing countries have phased out harmful 
additives and components. However, much of the gasoline in developing countries 
still has not caught up with the standards of developing countries. 

 One of the fi rst initiatives to improve gasoline quality was the international effort 
to phase out tetraethyl lead (TEL) as an anti-knocking agent in gasoline. Knocking 
is a process by which small pockets of the air/fuel mixture in gasoline combust 
outside of the normal combustion front caused by spark plug ignition, and the 
effects of this phenomenon were potentially destructive to early engines. TEL was 
not only able to reduce knocking, but also to boost octane and subsequently improve 
engine effi ciency. The use of TEL as a gasoline additive began in the 1920s, but its 
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contribution to neurotoxic lead exposures and coating and inactivating of catalytic 
converters led to it being phased out in the U.S. beginning in the mid-1970s. 
Catalytic converters have been used starting in 1975 in the U.S. to catalyze redox 
reactions that decrease hydrocarbon, CO, and NO X  emissions, but they can become 
less useful if gasoline components coat the converter and prevent harmful chemicals 
from interacting with the catalytic surface. Japan enacted the fi rst ban on leaded 
gasoline in 1986, and most countries had offi cially phased out TEL use by the early 
2000s. Only six countries continue to use leaded gasoline today (2014): Afghanistan, 
Algeria, Iraq, Myanmar, North Korea, and Yemen. However, there is evidence that 
illegal leaded gasoline production in some developing nations such as China is 
being performed despite national regulations (Chung  2013 ). Though there has been 
dramatic international improvement in TEL regulation in the past decade, other 
potentially hazardous gasoline additives are not as controlled. 

 High sulfur content is another gasoline component that can increase harmful 
emissions through disruption of the catalytic converter and increasing SO X  
 emissions. Sulfur is a naturally occurring component of crude oil, and its levels vary 
by region. It is present in the fuel in the form of thiols, thiophenes, and disulfi des. 
When combusted in a vehicle, SO 2  is formed, and this can adsorb onto palladium, 
platinum, or rhodium catalytic converters, in order of most to least sensitivity to 
sulfur adsorption (Truex  1999 ). This adsorbed sulfur both physically and electrically 
blocks the binding of other emission chemicals to the catalytic surface. The “dose-
response” curve for fuel sulfur content and catalytic inhibition is supralinear, 
meaning that lower levels of SO 2  have a disproportionately high effect on inhibition. 
Refi ning processes are capable of reducing sulfur content in both gasoline and 
 diesel fuels, resulting in a greater effi ciency of the catalytic converter and a subse-
quent reduction in the emissions of several pollutants. The reduction of sulfur con-
tent in fuels from 450 to 50 ppm has led to reductions of 35 % for acetaldehyde, 
21 % for benzene, 19 % for CO, 17 % for hydrocarbons, and 8 % for NO X  (Schuetzle 
et al.  1994 ). Though high sulfur content in fuel can lead to direct increases in SO 2  
tailpipe emissions, traffi c is generally a much lower source of SO 2  than energy sec-
tor or industrial emissions. SO 2  reacts with hydroxyl radicals in the air to form sul-
furic acid (H 2 SO 4 ) particles that can combine with each other in a rare process 
known as homogeneous nucleation. The EPA estimates that over 12 % of SO 2  emit-
ted in the urban U.S. is converted into sulfate fi ne and ultrafi ne particulate matter, 
which indicates that gasoline and diesel vehicles may be responsible for eight times 
more than what is accounted for in direct diesel emission inventories of PM 
(Blumberg et al.  2003 ). 

 The most stringent sulfur standards for gasoline and diesel (below 15 ppm for 
diesel) tend to be in the wealthier nations, particularly those in Europe, North 
America, and Australia (Programme., P.f.C.F.a.V.U.N.E  2014 ). Moderate to high 
diesel sulfur standards (between 50 and 500 ppm) exist in Mexico, southern and 
parts of central Africa, Russia, South Asia, East Asia, and Southeast Asia. The least 
stringent standards (greater than 500 ppm) predominate in South America, Central 
Asia, the Middle East, and most of Africa. Hence, the relative contribution of fuel 
sulfur in gasoline and diesel to SO 2  and fi ne particles emissions would be higher in 
developing countries where fuel sulfur content is higher.   
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13.5     Disease Burdens Attributable to Air Pollution 
in Developing Countries 

 The disease burden attributable to air pollution is the product of population,  exposure 
concentration, and the concentration-response relationship. Hence, large disease 
burdens are expected to occur in heavily polluted, populous urban areas of develop-
ing countries. 

 Figure  13.5  shows the relationship between regional PM 10  concentration, gross 
national income per capita, and the PM 10 -attributable disease burden in disability- 

  Fig. 13.5     Trends between annual mean urban PM 10 , GNI, and PM  10  -attributable DALYs by 
region . Wealthier nations in more developed regions tend to have lower annual PM 10  and DALYs 
attributable to air pollution. All data were obtained from the WHO Global Health Observatory 
Data Repository. The annual mean PM 10  data was averaged over the period of 2003–2010, the 
regional mean GNI data is averaged over the period of 1980–2012, and the regional mean PM 10  
burden of disease data was collected in 2004.  Amr  Americas (includes North, Central, and South 
America and the Caribbean),  Eur  Europe (includes all of Europe, Israel, and some of Central 
Asia),  Wpr  Western Pacifi c (includes Pacifi c nations, East Asia, and eastern South-east Asia),  Sear  
South-east Asia (includes South Asia, western South-east Asia, and some Pacifi c nations),  Emr  
Eastern Mediterranean (includes the Middle East and some northern African nations),  Afr  Africa 
(includes most African nations),  HI  High income,  LMI  low-middle income (For more information 
on the WHO regions, please visit   http://www.who.int/healthinfo/global_burden_disease/GBD_
report_2004update_AnnexC.pdf?ua=1)           
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adjusted life years (DALYs). DALYs can be defi ned as healthy years lost due to a 
disease-causing factor, and they are calculated as the sum of years of life lost (YLL) 
from premature mortality and years lost due to disability (YLD) from a disease or 
set of diseases (DALY = YLL + YLD). The WHO-defi ned world regions are 
 organized by increasing annual mean PM 10  levels, and in general all the high-income 
regions have the lowest PM 10  concentrations. (The Eastern Mediterranean regions 
are an exception due to the contribution of sandstorms and desert dust to ambient 
PM 10  levels.) The relationship between particulate matter concentrations and  disease 
burden is less clear on the regional scale, as it is a function of air pollution levels, 
the size of the affected population, and the population of the WHO region. The 
 low-middle income European region has a high disease burden despite having only 
moderate annual PM 10  levels because those areas over which the PM 10  is distributed 
are consistently highly populated across the region, and the relatively small popula-
tion of the lower income European countries infl ates the per capita DALY value. For 
the Western Pacifi c region, countries like China have high air pollution over densely 
populated areas, but the region also contains countries with sparse populations, such 
as Mongolia, and has a large total population, which dampens the effect of high air 
pollution there on DALYs. Generally, the high-income WHO regions tend to have 
smaller total populations than the low to middle income regions because there are 
fewer countries that meet the high income criteria, thus infl ating their DALYs per 
capita values. Nevertheless, the global data shows that regions with lower average 
GNIs tend to have higher exposures to PM 10  and higher overall burdens of disease 
attributable to PM 10 . Two issues, however, arise when comparing DALYs between 
developing and developed countries, namely the nature of the concentration-
response relationship and the infl uence of regional differences on air pollution 
composition.  

13.5.1     Concentration-Response Relationship 

 A linear dose-response relationship (slope factor) has been applied to estimate the 
global burden of disease attributable to air pollution. This slope factor, however, has 
been largely derived from  observations made in developed countries where the pol-
lution level was substantially lower. Hence, questions arise as to whether this would 
have resulted in an overestimation or underestimation of the actual burden. Such 
questions are related to fundamentals on the shape of dose-response curves, as 
depicted in Fig.  13.6 . The prevailing evidence, particularly in terms of PM effects 
on mortality, suggests that the response is linear or approximately linear across a 
wide range of concentrations measured in both developed and developing countries. 
Figure  13.7  shows that meta- analyses of multi-city studies of air pollution and mor-
tality have found similar effect sizes of PM 10  on mortality in all regions of the world, 
even though the concentration ranges differ greatly between these regions.   

 The studies summarized in Fig.  13.7  show an excess risk of all-cause mortality 
per 10 μg/m 3  increase in PM 10  ranging from 0.27 % (95 % CI, 0.12–0.42 %) in the 
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8 Asian studies reviewed by Anderson et al. to 0.77 % (95 % CI, 0.6–1 %) in the 
2012 Latin American nine-city study conducted by Romieu et al. The variation in 
these estimates is not apparently correlated with PM 10  levels, as similar estimates 
were reported in two studies that were conducted in areas with several-fold differ-
ences in PM 10  (Schwartz  2004 ; Chen et al.  2012 ). Considering likely contributions 
of inter- population variability and differences in the statistical methods to the varia-
tions in the concentration-response relationship between different studies, the esti-
mates are remarkably similar, suggesting that the dose-response relationship 
between PM 10  exposure and mortality is fairly constant across air pollution levels. 

  Fig. 13.6    Hypothetical shapes of concentration-response relationships       

  Fig. 13.7     Excess risk of mortality and 95 % confi dence intervals associated with a 10 μg/m  3  
 increase in PM  10   concentration . There appear to be small variations between the increased 
all- cause mortality risk associated with unit increases in PM 10  between countries and regions, sug-
gesting a linear dose-response relationship between air pollutants and mortality.  Dots  represent 
mean increases in percent mortality risk per 10 μg/m 3  increase in PM 10  from multi-city or multi-
study models. The  bars  represent 95 % confi dence intervals. Any mean change in risk with confi dence 
interval  bars  not overlapping the  dashed zero line  represents a signifi cant change. This fi gure is 
based on a similar one in (Anderson et al.  2010 ) (Sources: Levy et al.  2000 ; Stieb et al.  2002 ; 
Schwartz  2004 ; PAHO  2005 ; Anderson et al.  2010 ; Chen et al.  2012 ; Romieu et al.  2012 )       
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However, from a toxicological standpoint, differences in PM 10  chemical composi-
tion are expected to cause differences in PM toxicity. This is supported by limited 
epidemiological evidence. For example, PM 2.5  rich in secondary species, such as 
sulfate and nitrate, and certain organic compounds has been associated with greater 
effects on mortality. Specifi cally, it was found that transmural myocardial infarc-
tions (MIs), blockages of major coronary arteries, were more associated with PM 2.5  
that was composed mostly of nitrate, sulfate, and ammonium and had the least ele-
mental carbon (Rich et al.  2013 ). The fact that similar PM 10 -mortality relationships 
(effect size) were observed as shown in Fig.  13.7  may not refl ect PM 10  toxicity or 
effects. In these studies, PM 10  concentrations may have simply served as a surrogate 
for exposure to the whole pollution mixture.  

13.5.2     Composition of Pollution Mixture 

 Another issue that needs to be considered in understanding the health effects of air 
 pollution in developing countries is the difference in the pollution mixture composi-
tion compared to that in developed countries. In most areas of developed countries, 
concentrations of sulfur dioxide and carbon monoxide, for example, are low and 
potentially below a threshold level for health effects. This is perhaps a major reason 
that PM has often been used in epidemiological studies and has been regarded as the 
outdoor air pollutant most relevant to health in estimating risk (as done in the global 
burden of disease assessment). In contrast, the gaseous pollutants in areas of devel-
oping countries are still high enough to cause signifi cant health problems, or they 
may be a more accurate surrogate for certain air pollution sources (e.g., SO 2  for coal 
and high-sulfur oil combustion) than PM 10  or PM 2.5 . For example, ambient SO 2  
concentrations in Chinese cities have been associated with various adverse health 
effects, such as pathophysiological biomarkers of adverse cardiopulmonary events 
(Huang et al.  2012b ; Rich et al.  2012 ), respiratory symptoms and lung function 
(Roy et al.  2012 ; Zhang et al.  2002 ), and low birth weight (Wang et al.  1997 ). The 
associations were stronger with SO 2  than PM 2.5  or PM 10  in some of these studies.   

13.6     Historical Lessons and Recommendations 

 Since the Industrial Revolution, urban air pollution has been an incessant problem. 
Local air quality became so severe in the early and mid-twentieth century that 
industrialized countries such as the U.K. and the U.S. had to establish the Clean Air 
Act or similar laws to protect the public from the harmful impact of air pollution. 
Pollution control technologies have been developed and advanced consistently to 
meet the increasingly stringent air quality standards. For example, although gross 
domestic product (GDP) and vehicle miles traveled increased by 133 % and 92 %, 
respectively, from 1980 (10 years after the US Clean Air Act was passed) to 2012 in 
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the U.S., the aggregate emissions of the six criteria pollutants decreased by 67 % in 
the same period (see Fig.  13.8 ). A recent analysis of the relationship between reduc-
tions in ambient PM 2.5  concentrations and increases in life expectancy in U.S. cities 
suggests that the 1970 Clean Air Act alone may have extended life expectancy by a 
half year to a year (Pope et al.  2009 ). The additional measures of the 1990 Clean Air 
Act Amendment have and will continue to reduce a number of disease burdens, as 
is shown in Table  13.1 . The formula for this kind of success may be simply 
described as: 

   Legislation + Technology + Enforcement = Clean Air 

 On the contrary, air quality in some developing countries such as China has 
 actually become worse long after the establishment of national air quality standards 
(China’s fi rst clean air law was passed in 1989). The key issue, hence, is not the lack 
of laws or regulations, but the effectiveness in enforcing the laws, pointing to the 
importance of “Enforcement” in the clean air success formula. Today in places like 
China, air pollution problems are so severe and widespread that they consistently 
become major topics in the press. During severe smog episodes schools are closed, 
people are advised to stay indoors, and people use air fi lters or purifi ers and wear 
dust masks. There is strong public support to combat the air pollution. The timing 
for the above success formula is ideal, as developing countries do not have to go 
through the long history during which developed countries learned about  various 
aspects of air pollution (e.g., sources, fate and transport, and health effects). Most 
importantly, developing countries have opportunities to utilize the most advanced 

  Fig. 13.8     The 1970 Clean Air Act lowered emissions of key air pollutants even as energy 
consumption, GDP, vehicle miles, and population increased  (This graph was adapted directly 
from the US EPA website USEPA  2014c )       

 

13 Urban Air Pollution and Health in Developing Countries



376

emission control technologies that were nonexistent when developed countries 
experienced their worst air pollution problems.     
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    Chapter 14   
 Indoor Biomass Burning and Health 
Consequences 

             John     R.     Balmes     

14.1             Introduction 

 Ineffi cient cooking with biomass fuels in poorly ventilated homes is a major source 
of exposure to indoor air pollution in the developing world. The levels of exposure 
to particulate matter (PM) from biomass smoke in such homes are often at least an 
order of magnitude higher than the highest concentrations that occur in the ambient 
air of the developed world (Bruce et al.  2000 ; Diette et al.  2012 ). Household air 
 pollution from cooking and heating with biomass fuels also is an important 
 contributor to outdoor air pollution, accounting for an estimated 10 % of ambient 
fi ne PM (PM 2.5 ) (Smith et al.  2014 ). 

 Biomass fuel refers to any recently living plant- and/or animal-based material 
that is deliberately burned by humans as fuel, including wood, crop residues, and 
animal dung (Bruce et al.  2000 ). The number of people reliant on biomass fuels is 
projected to increase to 2.6 billion by 2030 (Smith et al.  2013 ). Most of these people 
live in rural areas of lesser-developed countries (LDCs), where some four-fi fths of 
households rely on biomass fuels as their major or only source of domestic energy 
for cooking and sometimes space heating (World Health Organization  2009 ). 

 Cooking with biomass fuels is generally done on unvented stoves typically 
 consisting of such simple arrangements as three rocks, a U-shaped hole in a block 
of clay, or a pit in the ground (Smith et al.  2013 ). Combustion under such conditions 
is ineffi cient and therefore incomplete products of combustion are generated. This 
typically leads to extremely high pollutant concentrations in the vicinity of the 
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stove. Pollutant concentrations are further exacerbated by the lack of ventilation that 
characterizes many of the kitchens in rural areas of developing countries. 

 The high levels of smoke from cooking indoors with biomass fuels commonly 
contain up to 1,000 μg/m 3  particulate matter with a diameter of 5 μm or less (PM 5 ) 
and much higher values have been reported (Smith et al.  2013 ; Balakrishnan et al. 
 2013 ). These concentrations are orders of magnitude higher than either the 
U.S. Environmental Protection Agency national ambient air quality standard for 
PM10 or the World Health Organization (WHO) guideline. In addition to PM, 
 carbon monoxide (CO), nitrogen oxides, formaldehyde, and a number of toxic 
organic compounds [e.g., benzene; 1,3 butadiene; benzo[α]pyrene and other poly-
cyclic aromatic hydrocarbons (PAHs)] are present in biomass smoke, depending on 
the type of fuel that is burned (Warwick and Doig  2004 ). Readers are referred to 
Chap.   6     for details on potential carcinogenic effects of these constituents. The com-
bustion of wood and other biomass is qualitatively similar to the burning of tobacco 
in terms of  emissions of PM and gases, although without the nicotine. 

 In rural areas of lesser developed countries, women often spend many hours a 
day cooking so duration of exposure to biomass smoke is often considerable. The 
potential for exposure is further increased by common cultural practices. Infants 
and toddlers are often carried on the mother’s back while she cooks so that from 
early infancy children spend hours breathing smoke from cooking or heating fi res 
(Armstrong and Campbell  2009 ). In temperate climates and highland areas, people 
spend more time indoors to protect themselves from the cold, and the cold tempera-
tures that characterize these areas require fi res that burn over extended periods and 
tighter house construction (i.e., less ventilation) for space heating (Smith et al. 
 2013 ). Thus, both pollution levels and exposure times increase. 

 The public health impact of the relatively high exposures to PM in homes where 
cooking is done with ineffi cient, poorly ventilated stoves using biomass fuels is 
great. The latest version of the Global Burden of Disease comparative risk assess-
ment undertaken in 2010 found household air pollution from solid fuel use to be 
responsible for approximately 4.8 % of the total global burden of disease disability- 
adjusted life years and 3.9 million premature deaths per year (Lim et al.  2012 ; Smith 
et al.  2014 ). Household air pollution ranked third on the examined list of risk factors 
globally and was the most important environmental risk factor. The estimates are 
based on the strength of the evidence, primarily meta-analyses of epidemiological 
studies of acceptable scientifi c quality, although for cardiovascular disease the 
 evidence is more inferential (see Sect.  14.8 ). The greatest burden of household air 
pollution-related premature deaths is in children with pneumonia exposed to 
 biomass smoke. The greatest burden in adults is for cardiovascular disease, but for 
non-smoking women, chronic obstructive pulmonary disease (COPD) is also an 
important cause of disability and death. Household air pollution also contributes to 
the burden of cataracts, the leading cause of blindness, and lung cancer, especially 
among women. It is also worthy of note that an estimated 16 % of the global burden 
of disease attributed to ambient PM pollution comes from household combustion of 
solid fuel. The burden of disease due to household air pollution falls hardest on poor 
populations in Africa, Latin America, and Asia. 
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 In some parts of the world, poorly burned solid fuels are commonly used for 
space heating and/or lighting, as well as cooking. The 2010 comparative risk 
 assessment for household air pollution was explicitly limited to exposures related 
to cooking with solid fuels, and did not include other sources of exposure, largely 
because of lack of data. Because exposures to pollutants do occur from combus-
tion for space heating and lighting as well as cooking with non-solid fuels, such 
as kerosene, future assessments will consider these sources as better data 
accumulate.  

14.2     Mechanisms 

 The mechanisms by which biomass smoke causes adverse health effects in humans 
are likely similar to those involved in tobacco smoke and combustion-generated PM 
pathogenic processes. Oxidative stress in the airways and alveoli leads to stimula-
tion of alveolar macrophages and injury to the epithelial lining, which in turn attracts 
infl ammatory cells from the circulation. This local lung infl ammatory reaction can 
spill over into the systemic circulation and contribute to adverse effects in other 
organs, such as the cardiovascular system, and the fetus in pregnant women. 
Alveolar macrophages laden with carbon particles from biomass smoke may con-
tribute to increased risk of respiratory tract infections. The pathways involved in 
biomass smoke-induced lung carcinogenesis are probably identical to those by 
which tobacco smoke induces lung cancers. 

 Although the toxicological literature for biomass smoke is much less rich than 
for tobacco smoke and PM, a number of animal and  in vitro  studies have been 
reported and were referenced in a recent review paper (Migliaccio and Mauderly 
 2010 ). Pulmonary outcomes have been best studied in animal models, including 
airway responsiveness, lung function, effects on surfactant, epithelial damage, 
infl ammation, edema, and antibacterial activity. Extrapulmonary outcomes have 
included effects on the cardiovascular system, adjuvant activity, p450 enzyme activ-
ity, glutathione depletion, and tumor/cancer growth. 

 A growing number of reports of controlled human exposure studies of wood 
smoke have been published. These studies are limited to acute effects and are spe-
cifi c to the fuels and burn conditions used, but evidence of systemic oxidative stress 
and infl ammation, airway infl ammation, and arterial stiffness has been observed 
after short-term exposure to wood smoke (Barregard et al.  2008 ; Sehlstedt et al. 
 2010 ; Stockfelt et al.  2012 ; Unosson et al.  2013 ). Not all studies, however, have 
found adverse effects (Riddervold et al.  2012 ; Forchhammer et al.  2012 ; Stockfelt 
et al.  2013 ).  
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14.3     Low Birth Weight 

 Low birth weight was not one of the conditions considered in the 2010 Global 
Burden of Disease effort because of lack of data from many countries. That said, 
there is considerable evidence of an association between biomass smoke exposure 
and low birth weight. A systematic review on the risk of low birth weight and solid 
fuel use was published in 2010 (Pope et al.  2010 ). The meta-analysis was updated 
in 2012 for a WHO report on indoor air quality. One randomized controlled trial 
(RCT) (Thompson et al.  2011 ) and six observational studies (Mavalankar et al. 
 1992 ; Boy et al.  2002 ; Mishra et al.  2004 ; Siddiqui et al.  2008 ; Tielsch et al.  2009 ; 
Abusalah et al.  2011 ) on the risk of low birth weight (<2,500 g at term) were 
reviewed. The pooled odds ratio (OR) was 1.40 [95 % confi dence interval (CI): 
1.26–1.54]. 

 The biological plausibility of a biomass smoke effect on birth weight is sup-
ported by a similar and well-documented effect of in utero exposure to secondhand 
tobacco smoke (SHS) as well as mechanistic evidence of association between com-
ponents of household air pollution (HAP) (CO, PM, and PAHs) and low birth 
weight. The range of reported estimates are consistent with those for related expo-
sures, including outdoor air pollution, second hand smoking (SHS) and active 
smoking. The mean decrease in birth weight for biomass smoke exposure (90–
100 g) lies between published estimates for SHS and active smoking, as would be 
expected from the relative levels of exposure to PM 2.5  (Pope et al.  2010 ). The main 
defi ciency of this literature is the lack of measurement of exposure to biomass 
smoke and thus the inability to demonstrate an exposure-response relationship. 
Nevertheless, the WHO report assessed the evidence of an association between bio-
mass smoke exposure and low birth weight as moderately strong, applying Bradford 
Hill viewpoints, because of consistency, temporality, biological plausibility, and 
analogy. The one published RCT of a chimney stove provided some evidence in 
support of an intervention effect (Thompson et al.  2011 ).  

14.4     Acute Lower Respiratory Infection (Childhood 
Pneumonia) 

 Acute lower respiratory infection (ALRI) is a leading contributor to the global bur-
den of disease, accounting for 4.6 % of the total (Murray et al.  2012 ). Pneumonia is 
also the primary cause of death in children (1.4 million deaths in children younger 
than 5 years) and the incidence and mortality are generally highest in those coun-
tries and regions where solid fuel use is greatest (Nair et al.  2013 ). The relative risk 
of ALRIs for children exposed to household biomass smoke has been quantifi ed in 
a number of studies, the majority from developing countries, but also from the 
United States (Torres-Duque et al.  2008 ). Most of these studies have used a case- 
control design, although several cohort studies have also been conducted. Taken 
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together, these studies show a consistent association between solid fuel use and an 
increase in the risk of ALRI in exposed children. The overall estimate of the risk of 
ALRI from 24 studies selected for a meta-analysis conducted in preparation for the 
2010 Global Burden of Disease comparative risk assessment (Dherani et al.  2008 ) 
was a pooled OR of 1.79 (CI: 1.26–2.21) for children younger than 5 years. The OR 
for children younger than 2 years was 1.96 (CI: 1.36–2.82). Only three studies 
included direct measurement of exposure, the remainder used proxies (fuel type, 
etc.). Outcome defi nitions varied from parental recall of WHO signs of ALRI to 
chest X-ray confi rmation, and included severe and fatal outcomes; included studies 
had to distinguish upper from lower respiratory infections. Some evidence of an 
increased risk for more severe pneumonia was found. Impaired respiratory tract 
defense mechanisms, such as decreased mucociliary clearance and alveolar macro-
phage function, provide biological plausibility for the observed association between 
biomass smoke exposure and ALRI risk in children (Siddiqui et al.  2008 ; Zelikoff 
et al.  2002 ). 

 Only one RCT of an intervention to reduce exposure to biomass smoke to prevent 
childhood ALRI has been completed (Smith et al.  2011 ), involving 514 Guatemalan 
children aged <16 months, randomized to use a chimney wood stove or traditional 
three-stone fi re. The primary outcome was physician diagnosis, with pulse oximetry 
to defi ne severity. Exposure was assessed for all children using repeated CO 
measurements, together with co-located kitchen CO and PM 2.5  measurements in a 
sub-sample to defi ne the CO-PM 2.5  relationship. In intention to treat analysis, child 
exposure was reduced by 50 %, associated with a relative risk of 0.78 (CI: 0.59, 
1.06) for all physician-diagnosed pneumonia, and of 0.67 (CI: 0.45, 0.98) for severe 
pneumonia (defi ned by low oxygen saturation). Adjusted exposure- response analysis 
found signifi cant relationships for both all and severe pneumonia. 

 The randomized control trial to study the effect of reduction in household air 
pollution on childhood pneumonia in Guatemala (RESPIRE) results support a 
causal association between biomass smoke exposure and early childhood pneumo-
nia and show that the greatest risk reduction occurs at lower exposure levels. The 
RESPIRE exposure-response data suggest that ALRI incidence would be reduced 
by around one-third with interventions that bring average PM 2.5  down from several 
hundreds of μg/m 3  to levels experienced by “unexposed” groups in the majority of 
epidemiological studies (Smith et al.  2014 ) (see Fig.  14.1 ). Reduction of exposure 
to biomass smoke levels at or below the WHO annual average guideline of 10 μg/
m 3  PM 2.5  would theoretically result in larger risk benefi t.   

14.5     Chronic Obstructive Pulmonary Disease 

 Chronic obstructive pulmonary disease is a leading cause of morbidity and mortality 
(~4 million deaths/year) worldwide and results in an economic and social burden 
that is both substantial and increasing, especially among women (Global Initiative 
for Chronic Obstructive Lung Disease  2014 ; Lozano et al.  2012 ). In less developed 
countries, a substantial proportion of COPD occurs in people who have never 
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smoked tobacco products, especially among women cooking with stoves that emit 
high levels of a wide variety of pollutants similar to those present in tobacco smoke 
(Lim et al.  2012 ). Multiple case-control and cross-sectional studies have found an 
association between cooking with biomass fuel and chronic bronchitis or COPD 
when compared with lower exposure/cleaner fuels (Akhtar et al .   2007 ; Albalak 
et al.  1999 ; Caballero et al.  2008 ; Dutt et al.  1996 ; Ellegard  1996 ; Menezes et al. 
 1994 ; Qureshi  1994 ; Regalado et al.  2006 ; Saha et al.  2005 ; Dennis et al.  1996 ; 
Dossing et al.  1994 ; Ekici et al.  2005 ; Kiraz et al.  2003 ; Orozco-Levi et al.  2006 ; 
Perez-Padilla et al.  2006 ). Exposure was often assessed as present or absent or by 
daily hours spent by the stove. Most studies did not include direct measurements of 
specifi c pollutants. Studies that have measured kitchen particulate levels from 
 biomass fuel use have confi rmed very high concentrations (Albalak et al.  1999 ; 
Regalado et al.  2006 ), but personal measurements of exposure have not been used. 
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  Fig. 14.1    Exposure-response from the RESPIRE study for wood smoke exposure as assessed by 
average personal monitoring data and the rate of physician-diagnosed severe pneumonia as 
assessed by oxygen saturation (Reprinted from Smith et al. ( 2011 ) with permission from Elsevier)       
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Only a few cross-sectional studies have measured lung function and these studies 
have shown an association between biomass fuel use and chronic airfl ow obstruc-
tion (Caballero et al.  2008 ; Regalado et al.  2006 ). Taken together, the results of 
previous studies show a strong association between cooking with biomass fuel and 
COPD among women (Balmes  2010 ). 

 Several systematic reviews and meta-analyses have been published, including 
the one conducted for the 2010 Global Burden of Disease comparative risk assess-
ment (Smith et al.  2014 ; Kurmi et al.  2010 ; Hu et al.  2010 ; Po et al.  2011 ). In the 
Smith et al. ( 2014 ) review 25 studies were included in the fi nal analysis. All but 
seven included in the meta-analysis were cross-sectional in design. One study was 
a retrospective cohort (Chapman et al.  2005 ) and six were case-control (Dennis 
et al.  1996 ; Dossing and Khan  1994 ; Orozco-Levi et al.  2006 ; Perez-Padilla et al. 
 2006 ; Sezer et al.  2006 ; Xu et al.  2007 ). Case-control studies recruited controls 
from various sources, including visitors to the hospital, patients from other hospital 
services without  presence of pulmonary disease, and population-based selection. 
Heterogeneous exposure measures were used in these studies, including rural-urban 
comparisons (where data supported the use of place of residence as a proxy for fuel 
use), outdoor versus indoor cooking, fuel type for cooking and/or heating, stove 
type and time-exposed to biomass fuel combustion. The pooled OR was 1.94 (CI: 
1.62–2.33). Stratifi ed analysis by gender showed a stronger association between 
exposure to biomass smoke and COPD in women [OR, 2.30 (CI: 1.73-3.06)] than in 
men [OR, 1.90 (CI: 1.15–3.13)]. The association in women remained signifi cant 
even after adjusting for both age and smoking, while this was not the case for men. 

 Three other recently published systematic reviews and meta-analyses reported 
similar summary estimates for the effect of biomass smoke on risk of COPD. Kurmi 
et al. ( 2010 ) reported a summary OR (CI) for the use of solid fuels and COPD from 
23 studies of 2.80 (CI: 1.85–4.0) and for biomass smoke and chronic bronchitis of 
2.32 (1.92–2.80). Pooled estimates for different types of fuel showed that exposure 
to wood smoke carried a greater risk than coal (also seen in the Global Burden of 
Disease meta-analysis). Hu et al. (Hu et al.  2010 ) reported a summary OR from 15 
studies of 2.44 (CI: 1.9–3.33) for the risk of developing COPD with biomass smoke 
exposure. Po et al. (Po et al.  2011 ) included data from 12 studies of female 
 populations and reported a summary OR for chronic bronchitis of 2.52 (CI: 1.88–
3.38) and for COPD of 2.40 (CI: 1.47–3.93). Applying the Bradford-Hill viewpoints 
(consistency, exposure-duration evidence, analogous evidence of the effect of 
smoking, and biological plausibility), the case for a causal association between 
 biomass smoke and COPD is moderately strong, especially among women (Eisner 
et al.  2010 ). 

 Longitudinal studies of the impact of biomass smoke exposure on the develop-
ment of COPD are lacking, but one study did follow women with COPD associated 
with biomass smoke exposure in terms of mortality risk (Ramirez-Venegas et al. 
 2006 ). Survival analysis over a 7-year follow-up period showed that women with 
COPD associated with biomass smoke exposure had mortality rates similar to those 
of men with COPD due to tobacco smoking. 
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 Intervention studies to prevent COPD from biomass smoke exposure have been 
limited. A retrospective Chinese study found signifi cant reductions in COPD 
 incidence in homes where coal was used in improved stoves with chimneys, the 
effect increasing with time since adoption (Chapman et al.  2005 ). Two recently 
 published studies of the effi cacy of reducing wood smoke exposure with the use of 
an improved chimney stove were limited by short follow-up time (18 months) 
(Smith-Sivertsen et al.  2009 ; Romieu et al.  2009 ). Thus, although studies suggest 
lower biomass smoke exposure may be associated with lower COPD risk, several 
key questions remain, including can the development or progression of COPD be 
prevented by reducing biomass smoke exposure in these settings and what is the 
exposure- response relationship between biomass smoke and the rate of decline in 
lung function? Prospective cohort studies that have adequate statistical power, 
 follow participants for suffi cient duration to accurately measure rate of decline in 
lung function, and actual exposure measures are needed to answer these  questions. 
Ideally, intervention studies with clean stoves will be conducted.  

14.6     Lung Cancer 

 The emissions generated of combustion of the main solid fuels used for cooking and 
space heating, biomass and coal, may be associated with differential cancer risk 
because of differences in chemical composition. The International Agency for 
Research on Cancer (IARC) has concluded household use of coal is a Group 1 
 carcinogen, while biomass is classifi ed as a Group 2(a) or probable carcinogen, due 
to more limited epidemiological evidence (International Agency for Research on 
Cancer  2010 ). 

 Two recent systematic reviews and meta-analyses of household use of coal and 
lung cancer risk have been conducted, including the one used as the basis for the 
2010 Global Burden of Disease comparative risk assessment (Hosgood et al.  2011 ) 
and an additional effort by Kurmi et al. ( 2012 ). The Hosgood et al. review identifi ed 
25 case-control studies investigating household coal use with seven provided 
cooking- specifi c estimates. Exposure was assessed by fuel type, and lung cancer 
confi rmed by pathology for most cases, otherwise by chest X-ray. Only fi ve studies 
were conducted in countries other than mainland China and Taiwan. Household 
coal use for cooking and heating was associated with a pooled OR for lung cancer 
of 2.15 (CI: 1.61–2.89). The second review by Kurmi et al. pooled a total of 22 
 studies to generate an OR of 1.82 (CI: 1.60–2.06). In both reviews, the risk for 
women was somewhat greater than the risk for men. 

 Since the great majority of the 2.8 billion solid fuel users globally is exposed to 
biomass rather than coal smoke, the issue of the carcinogenic risk associated with 
the former is an important one. A systematic review for the 2010 Global Burden of 
Disease comparative risk assessment (Smith et al.  2014 ) identifi ed 14 eligible 
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 studies of cooking and/or heating with biomass. Most of the studies conducted in 
Asia, although there were studies from Europe and North America as well. Biomass 
fuel was defi ned as including wood, straw, grass, crop waste, animal dung, and 
charcoal; only household use was considered, whether for cooking or heating. 
Exposure was determined by fuel type and no study directly measured exposure. 
One European study had exposure-response data available (Lissowska et al.  2005 ). 
Most cases of lung cancer were confi rmed by pathology. The pooled OR for all 14 
studies was 1.18 (CI: 1.03–1.35), but the most reliable estimate OR of 1.22 (CI: 
1.08–1.37) from well-adjusted studies with clean fuel comparisons. The review by 
Kurmi et al. pooled seven studies and only used adjusted estimates to generate an 
OR that was somewhat higher, 1.50 (CI: 1.17–1.94). (Kurmi et al.  2012 ). In both the 
2010 Global Burden of Disease and Kurmi et al. meta-analyses, women had 
 somewhat higher risk than men. Applying the Bradford-Hill viewpoints (including 
consistency, exposure- response, biological plausibility), there does appear to be a 
moderately strong case for a causal association.  

14.7     Cataracts 

 Cataract or severe lens opacifi cation is one of the leading causes of blindness in the 
developing world. The 2010 Global Burden of Disease project (Murray et al.  2012 ) 
estimated that cataracts accounted for 0.2 % of the total disease burden, the majority 
of which is seen in the developing regions of sub-Saharan Africa and Southeast Asia 
alone where cooking with solid fuels is most common. The toxicological evidence 
from animal studies and epidemiological studies of other types of smoke (e.g., 
active smoking and secondhand smoke) suggest biological plausibility for an 
 association between exposure to biomass smoke and risk of cataract. Condensates 
of both tobacco and biomass fuel smoke enhance the formation of superoxide 
 radicals, which decrease antioxidants and cause lens discoloration and cataract. A 
component of biomass smoke is naphthalene, which has been shown to cause cata-
ract in laboratory animal studies (van Heyningen and Pirie  1976 ). 

 The systematic review and meta-analysis for the 2010 Global Burden of Disease 
comparative risk assessment identifi ed seven eligible studies, most of which had 
case-control designs, and all were from Southeast Asia (Smith et al.  2014 ). The 
pooled OR was 2.46 (CI: 1.74–3.50) and sensitivity analysis revealed no major 
confounding due to smoking or UV exposure. The results of the meta-analysis, the 
known risks from smoking, the consistency of results across studies, the toxicologi-
cal data (especially regarding naphthalene), and some exposure-response evidence 
(Pokhrel et al.  2013 ) support causal inference.  
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14.8      Cardiovascular Disease 

 In contrast to the other health outcomes discussed above, at the time of writing this 
chapter, there were no epidemiological studies of the relationship between exposure 
to biomass smoke and cardiovascular disease. That said, a remarkably consistent, 
nonlinear relationship between estimated inhaled dose of combustion-sourced 
 particles measured as PM 2.5  (particulate matter with aerodynamic diameter ≤2.5 μm) 
and cardiovascular disease mortality was fi rst demonstrated by Pope et al. (Pope 
et al.  2009 ). This dose-response relationship was remarkable for a non-cancer 
 outcome in that it covered at least three orders of magnitude of dose from lowest to 
highest (exposure to ambient air pollution, exposure to secondhand tobacco smoke 
exposure, and active cigarette smoking). It then struck Peel and Smith that  exposures 
to PM 2.5  from solid fuel cooking lay in the range between those from secondhand 
smoke and active smoking (Smith and Peel  2010 ) and, given that tobacco is a kind 
of biomass, they postulated that the relative risk for CVD from biomass fuel smoke 
exposure would be in the order of 1.3–1.6 (Fig.  14.2 ).  

 Because the Global Burden of Disease project is designed to provide useful 
information for public health policy decisions regarding interventions to reduce 
important risks, the 2010 comparative risk assessment for household air pollution 
included identifi cation of attributable risk for cardiovascular disease, the number 
one cause of death and disability on a global scale. If there were no available 
 epidemiological studies that directly assessed the association between biomass 
smoke exposure and cardiovascular disease risk, then how could any risk be 
 attributed to this exposure? An effort was made by an expert group to interpolate the 
risk due to biomass smoke by generating what has been termed an “integrated 
exposure- response curve.” The curve derived for risk of ischemic heart disease in 
relation to combustion-sourced fi ne particles is similar to that suggested by Pope 
et al 2011 (Pope et al.  2009 ), i.e., supralinear in shape from low exposures through the 
household air pollution exposure range, where it reaches a relative risk of 1.5 for 
high biomass fuel smoke exposure and a maximum of 2.5 for high active smoking 
exposure (Smith et al.  2014 ; Burnett et al.  2014 ). The integrated exposure-response 
curve for stroke is similar, but appears to fl atten off at levels well within the house-
hold air pollution range at a maximum relative risk of just over 2.0. 

 Subsequent to the preparation of the 2010 Global Burden of Disease comparative 
risk assessment, the results of a cross-sectional Chinese study involving over 14,000 
men and women aged 18 and over were reported (Lee et al.  2012 ). Solid fuel use 
(biomass and coal) for heating and/or cooking was assessed by questionnaire, and 
categorized according to ever use, duration, total amount and lifetime use. Outcomes, 
including ischemic heart disease, stroke and diabetes mellitus, were assessed by 
self-report of physician-diagnosed conditions, while blood pressure was measured 
during the study. The results showed elevated adjusted odds ratios for ischemic heart 
disease forever vs. never use of solid fuels, and signifi cant trends across  duration of 
use for stroke, hypertension and diabetes. The OR for ischemic heart disease 2.6 is 
somewhat higher than predicted from the integrated exposure–response curve; the 
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OR for stroke, 1.6, was in the range expected from the curve although it was not 
statistically signifi cant. Sex-stratifi ed analysis found stronger effects for women, 
consistent with their higher exposure, and among non-smokers. 

 Although there is little epidemiological literature on the effect of biomass smoke 
exposure on cardiovascular disease risk, there are studies that show effects on blood 
pressure (McCracken et al.  2007 ; Baumgartner et al.  2011 ) and the ST-segment of 
the electrocardiogram (ECG) (McCracken et al.  2011 ). For blood pressure, there are 
fi ve studies, four observational and one intervention (the latter with both RCT and 
before and after components). All have found that increased exposure was associated 
with higher systolic and/or diastolic blood pressure, with most fi ndings being 
statistically signifi cant. In the intervention trial (RESPIRE), McCracken et al. found 

  Fig. 14.2    Adjusted relative risks (95 % confi dence intervals) of cardiovascular and cardiopulmonary 
mortality and estimated dose of PM2.5 across studies of outdoor air pollution, ETS, and active 
cigarette smoking (Adapted with permission from (Pope et al.  2009 ), their Fig. 2). Data on active 
smoking are from Pope et al. (Pope et al.  2009 ); on ETS are from the 2006 Surgeon General’s 
Report (   U.S. Department of Health and Human Services  2006 ) and INTERHEART study (Teo 
et al.  2006 ); on air pollution are from the Women’s Health Initiative cohort (Miller et al.  2007 ), the 
American Cancer Society cohort (Pope et al.  1995 ,  2002 ,  2004 ), and the Harvard Six Cities cohort 
(Dockery et al.  1993 ; Laden et al.  2006 ). Exposure was measured as daily inhaled dose of PM2.5 
(plotted on a log scale), calculated assuming 18 m 3 /day breathing rate. Active cigarette smoking 
was quantifi ed as ≤3, 4–7, 8–12, 13–17, 18–22, and ≥23 cigarettes/day (relative to never- smokers). 
Also shown is the equivalent dose for the World Health Organization (WHO) ( 2006 ) Air Quality 
Guidelines (AQG) for PM2.5 (10 μg/m3 annual average) (Smith and Peel  2010 )       
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the chimney stove intervention group to have statistically signifi cant lower systolic 
(−3.7 mmHg) and diastolic (−3.0 mmHg) blood pressure in an intention-to-treat 
analysis, and similar sized effects when open-fi re control subjects received the 
chimney stove at the end of follow-up (McCracken et al.  2007 ). In the same 
RESPIRE study subjects signifi cant effects of the chimney stove intervention on 
subjects’ ECGs were demonstrated. During the trial, the stove intervention was 
associated with a signifi cant protective effect (OR 0.26) for ST-segment depression 
and a  similar effect with the before-and-after comparison (McCracken et al.  2011 ). 

 The population attributable risk for ischemic heart disease associated with 
 biomass smoke exposure estimated by the integrated exposure-response curve 
method was 18 % compared to 53 % for hypertension, 29 % for hypercholesterol-
emia, and 31 % for tobacco smoke (both active smoking and secondhand exposure) 
(Lim SS et al.  1990 ). Despite the dearth of epidemiological studies, the overall evi-
dence, including from the related combustion-sourced particles of smoking (active 
and second-hand) and outdoor air pollution, together with the observed blood pres-
sure and electrocardiographic effects, suggests that exposure to biomass smoke can 
increase cardiovascular disease risk.  

14.9     Other Diseases (Tuberculosis, Adult 
Pneumonia, Asthma) 

 Three other diseases for which the weight of evidence was judged not strong enough 
to attribute risk of disability-adjusted life years to household air pollution in the 
2010 Global Burden of Disease comparative risk assessment are tuberculosis, adult 
pneumonia, and asthma. Nevertheless, there is some evidence and biological 
 plausibility for an association between exposure to biomass smoke and increased 
risk for each of these diseases. 

14.9.1     Tuberculosis 

 Tuberculosis (TB) was responsible for 1.4 million deaths in 2011, and over 80 % of 
the global burden of TB lies in the Western Pacifi c, South-East Asia and Africa; 
China and India together have 40 % of the world’s cases (Organization and Report 
 2013 ). The close association of tuberculosis with poverty, and use of solid fuel for 
cooking and heating in the home, makes the impact of exposure to household air 
pollution on risk of TB is a major concern. Because active tobacco smoking has 
been associated with increased risk for TB, it is again biologically plausible that 
exposure to biomass fuel smoke would also increase risk. Carbon particle–laden 
alveolar macrophages, for example, have been shown to be less effective in phago-
cytosis of microorganisms than those from subjects not exposed to smoke (Zhou 
and Kobzik  2007 ; Fick et al.  1984 ; Migliaccio et al.  2013 ). 
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 Several reviews have been done over the past decade with the most recent, a 
systematic review and meta-analysis published in 2013 (Lin et al.  2007 ; Slama et al. 
 2010 ; Sumpter and Chandramohan  2013 ). In the 2013 review, 10 case-control and 
three cross-sectional studies were included. The outcome was sputum positive TB 
in all of the case-control studies, and two of the cross-sectional studies. None of the 
studies directly measured exposure to household air pollution so exposure assess-
ment was only by survey of fuel type. Adjustment for smoking and crowding was 
done in most, but not all studies. Considerable study heterogeneity was found and 
study design issues were deemed problematic (e.g., hospital-based controls and 
over-representation of men). The pooled OR for the 10 case-control studies was 1.3. 
The six studies of women only had a pooled OR of 1.7. 

 A study by Pokhrel et al. also examined the risk of TB associated with the use of 
kerosene as well as solid biomass fuel (Pokhrel et al.  2010 ). Kerosene use was 
shown to have a much stronger effect on TB risk, for cooking with kerosene, the OR 
was 3.36 (CI: 1.01–11.22) and for lighting the OR was 9.43 (CI: 1.45–61.32). For 
cooking with a biomass fuel stove, the OR was a non-signifi cant 1.21. 

 As noted above, the most up-to-date review and meta-analysis of the solid fuel-
 TB risk association reported a signifi cantly increased pooled OR. However, both 
exposure-response evidence and intervention studies are lacking. Nevertheless, 
together with the well-established evidence that smoking increases risk of TB, 
 fi ndings from studies of animals exposed to solid fuel smoke (Zhou and Kobzik 
 2007 ; Fick et al.  1984 ; Migliaccio et al.  2013 ), and the plausible mechanism through 
impaired immunity from solid fuel exposure (Dutta et al.  2012 ), there is now a 
 moderately strong case for a causal association between exposure to household air 
pollution and TB risk. Given the high prevalence of both exposure to household air 
pollution and TB across the developing world (and in the same geographic regions), 
reduction in household air pollution could make an important contribution to  control 
of TB. Further research is needed to confi rm that the association is causal rather 
than due to confounding by poverty-related factors, to better quantify exposure- 
response, and to assess potential interventions to reduce exposure.  

14.9.2     Adult Acute Lower Respiratory Infection (Pneumonia) 

 In the 2010 Global Burden of Disease report, acute lower respiratory infections 
caused 2.8 million deaths annually (Lozano et al.  2012 ). Slightly over half of these 
deaths occur among adults (15 years and above), and most in those aged 60 years 
and over. While the majority of the adult deaths due to ALRI occur in developed 
countries, a substantial proportion of adult deaths in developing countries is due 
to ALRI/pneumonia. Given the strong evidence that exposure to biomass smoke 
causes ALRI in children (most probably through reducing immune defense mecha-
nisms), as well as the established association between tobacco smoking and ALRI 
in adults, a biomass smoke-ALRI in adults is plausible. 
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 A systematic review of adult ALRI was carried out for the 2010 Global Burden 
of Disease comparative risk assessment (Smith et al.  2014 ). From the many papers 
reviewed, only three were selected to have adequate data to assess the potential 
association of exposure to household air pollution and ALRI, and there is consider-
able heterogeneity among the three (Ezzati and Kammen  2001 ; Levesqu et al.  2001 ; 
Shen et al.  2009 ). The study by Ezzati and Kammen is a small cohort study in rural 
Kenya where various forms of biomass are used (wood, charcoal); home visits were 
used for assessment of community-acquired pneumonia (Ezzati and Kammen 
 2001 ). The data analysis also demonstrated a signifi cant exposure-response 
 relationship. The study by Levesque et al. is from Quebec, where biomass is used 
for household heating rather than cooking and exposure is much lower; the ALRI 
outcomes were self-reported and likely subject to some misclassifi cation (Levesqu 
et al.  2001 ). The study by Shen et al. used a case–control design to assess risks for 
pneumonia deaths in a coal-using area of China (Shen et al.  2009 ). All three studies 
reported signifi cant ORs for exposed groups in the range of 2.0–3.0. Because of 
differences in outcome defi nitions and assessment, pooling was not done. 

 Although the epidemiological data are limited, the exposure-response relationship 
from the study by Ezzati and Kammen ( 2001 ), strong evidence of a biomass smoke 
effect in children, and the known effects of other sources of combustion- sourced 
particle exposure (e.g., smoking and ambient air pollution), together suggest that 
exposure to solid fuel smoke increases the risk of adult ALRI. Further research is 
required to confi rm and quantify this risk.  

14.9.3     Asthma 

 Given the airway irritating effects of biomass smoke, it is reasonable to suspect that 
exposure might increase risk for asthma, especially because exposure to  secondhand 
tobacco smoke has been associated with the development of asthma in children 
(Vork et al.  2007 ). On the other hand, there is a rural-urban gradient for asthma. The 
disease is generally much more prevalent in urban areas than in the largely rural 
areas where exposure to biomass smoke is more common (Addo-Yobo et al.  2007 ). 
The protective effect of living on a farm, especially with livestock, has been well 
documented (Ege et al.  2011 ). Because the evidence for an effect of biomass smoke 
on COPD is strong, and both asthma and COPD involve airway infl ammation, the 
relationship between exposure to biomass smoke and risk of asthma remains a topic 
of considerable research interest. 

 A systematic review and meta-analysis of the association between exposure to 
biomass smoke and asthma in children and women was published in 2011 (Po et al. 
 2011 ). Nine studies were selected for the meta-analysis, four involving children and 
fi ve involving women. The pooled OR for the four studies on asthma in children 
exposed to biomass smoke was 0.50 (CI: 0.12–1.98) (Fagbule and Ekanem  1994 ; 
Noorhassim et al.  1995 ; Behera et al.  2001 ; Melsom et al.  2001 ). For the fi ve studies 
of women, the pooled OR was 1.34 (CI: 0.93–1.93) (Qureshi  1994 ; Behera et al. 
 2001 ; Golshan and Faghihi  2002 ; Uzun et al.  2003 ; Mishra  2003 ). 
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 Since the Po et al. review was published, the results of several new studies have 
been reported. A survey of 508 adults in southeastern Kentucky found a signifi cant 
association with asthma when wood and coal were burned for cooking (Barry et al. 
 2010 ). A much larger population survey from India found that adult women living 
in households using biomass and solid fuels had a signifi cantly higher risk of asthma 
than those living in households using cleaner fuels, even after controlling for the 
effects of a number of potentially confounding factors (Agrawal  2012 ). 

 The most robust evidence supporting an increased risk of asthma from cooking 
with solid fuels was reported by the International Study of Asthma and Allergy in 
Children (ISAAC) which surveyed almost 513,000 children from 1999–2004 (Wong 
et al.  2013 ). The sole use of an open fi re for cooking (assessed by questionnaire) 
was associated with an increased risk of wheeze in the past year in both young 
 children (ages 6–7 years), OR 2.17 (CI: 1.64–2.87), and in older children (ages 
13–14 years), OR 1.35 (CI: 1.11–1.64). The ORs for wheeze in the past year and the 
use of open fi re in combination with other fuels for cooking were slightly lower, but 
still signifi cant for both age groups. 

 Not all recent studies have reported positive associations between exposure to 
biomass smoke and asthma outcomes. For example, a recent study of 299 children 
from rural villages in Nigeria, reported smoke exposure was not associated with an 
increased risk of asthma symptoms or airway obstruction (Thacher et al.  2013 ). 
Because the published evidence is mixed, further research is needed to better 
 understand the nature of the relationship between exposure to solid fuel smoke and 
asthma in both children and adults and for both new onset and exacerbations of 
disease. Studies that actually measure exposure and which are thus able to develop 
an exposure- response relationship would be particularly helpful.   

14.10     Research Gaps 

 While one RCT of the effi cacy of a chimney stove compared to an open fi re for the 
prevention of early childhood pneumonia has been published (Smith et al.  2011 ) 
and related studies have suggested benefi t regarding low birth weight, cognitive 
development, and respiratory symptoms in adult women, more studies of stove 
interventions are needed. In particular, the exposure-response data from the 
RESPIRE trial provide evidence that stoves which are cleaner than the chimney 
stove studied would provide greater reduction in childhood pneumonia. Several 
other ongoing RCTs of cleaner stove interventions in Nepal and Africa should 
 contribute data to fi ll the gap in our knowledge about the added benefi t of cleaner 
burning stoves beyond those with chimneys. 

 Another gap is the lack of a well-designed longitudinal study of the impact of 
improved stoves on the development of COPD in adults exposed to biomass smoke 
form cooking and heating. One published study from Mexico conducted in the 
 context of a RCT designed to prevent childhood pneumonia found a protective 
effect of a chimney stove on rate of decline of lung function in women who actually 
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used the stove (Romieu et al.  2009 ), but this study suffers from the limitation of too 
short of a follow-up period (1 year). Another paper from RESPIRE reports evidence 
that reduced exposure from use of a chimney stove is associated with decreased 
expression of metalloproteinase genes (Guarnieri et al.  2014 ). 

 Perhaps the greatest research gap involves the lack of epidemiological evidence 
to support the concept that biomass smoke exposure leads to increased risk of 
 cardiovascular disease consistent with other combustion-sourced particle expo-
sures, outdoor PM 2.5 , secondhand tobacco smoke, and active smoking. 

 More research is needed with regard to the associations between biomass smoke 
exposure and adult pneumonia, asthma, and tuberculosis, either because of paucity 
of data (adult pneumonia) or confl icting results. Another unresolved issue is the 
toxicity of kerosene as an alternative fuel, especially given the recently published 
evidence that it substantially increases the risk of tuberculosis (Pokhrel et al.  2010 ) 

 Because adoption of new stoves can be a diffi cult transition for households in the 
developing world due to both fi nancial and cultural factors, more research is needed 
to improve our understanding of these potential barriers to the effectiveness of inter-
vention programs. 

 Toxicological studies ( in vitro , animal, and controlled human exposure) are 
needed to improve our mechanistic understanding of the pathways by which  biomass 
smoke causes or contributes to disease pathogenesis. Such studies can also assist in 
the development of biomarkers of both exposure and effects (Rylance et al.  2013 ).  

14.11     Opportunities for Intervention 

 For many years, the major obstacle to implementing programs to reduce biomass 
smoke exposure from domestic cooking and heating with ineffi cient, poorly 
 ventilated stoves was lack of data proving benefi t. Now that at least one RCT has 
proved effi cacy in reduction of early childhood pneumonia, comparable to that of 
vaccination, with results from several other trials on the way, the major issues are 
cost and effectiveness of stoves that can substantially reduce biomass emissions. 
Improved stoves still cost more than many households in the developing world can 
afford, maintenance can be diffi cult, and many households may not be willing to 
adopt new stoves that require changes to traditional cooking styles. 

 An exciting program that was started with the help of Hillary Clinton when she 
was US Secretary of State is the Global Alliance for Clean Cookstoves (GACC), 
under the auspices of the United Nations Foundation. The GACC is a public-private 
partnership that “seeks to save lives, improve livelihoods, empower women, and 
protect the environment by creating a thriving global market for clean and effi cient 
household cooking solutions.”(Global Alliance for Clean Cookstoves  2014 ) Its 
 mission is to mobilize high-level national and donor commitments toward the goal 
of universal adoption of clean cookstoves and fuels. The primary goal of the GACC 
is to foster the adoption of clean cookstoves and fuels in 100 million households 
by 2020. Multiple demonstration and research projects have been funded by the 
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organization since it was established in 2010. In 2012, the following countries were 
prioritized for immediate GACC engagement: Bangladesh, China, Ghana, Kenya, 
Nigeria, and Uganda. 

 Although the GACC represents a major breakthrough for efforts to improve the 
health of the 45 % of the world’s population that still cooks with solid fuel, even the 
most effi cient stoves that burn biomass emit more PM 2.5  than the gas and electric 
stoves that are used by developed world households. This has led some experts 
to suggest that electrifi cation of developing countries and the use of relatively 
inexpensive induction cookers may be the most effective way to reduce exposure to 
household air pollution. 

 A fi nal policy note is that black carbon generated from biomass combustion is an 
important short-lived climate-forcing agent (Jacobson  2001 ). Interventions to improve 
the effi ciency of combustion of biomass fuels or better, that eliminate combustion 
of biomass fuels altogether, would provide a major climate change mitigation co-
benefi t in addition to the public health benefi ts described above.     
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    Chapter 15   
 Using Science to Shape Policy 

             Jason     D.     Sacks      ,     Neal     Fann      ,     Elizabeth     Oesterling     Owens      , 
and     Daniel     L.     Costa     

15.1             Introduction 

 The United States has seen markedly improved air quality since the passage of the 
Clean Air Act (CAA) amendments of 1970. While both the U.S. economy and 
 population have each grown signifi cantly since the Act was fi rst passed, primary 
pollutants (i.e., those emitted directly from sources) have declined by two-thirds or 
more (Fig.  15.1 ). Cleaner air offers signifi cant benefi ts to society, including: 
improved public health, increased visibility in recreational areas (e.g., national 
parks); and, lakes, streams and forests that are less subject to acidifi cation. A recent 
report commissioned by the U.S. Environmental Protection Agency (EPA)  estimated 
that hundreds of thousands of avoided premature deaths, heart attacks, hospital 
 visits, and millions of avoided asthma attacks and work and school days lost can 
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directly be attributed to improved air quality (U.S. EPA  2011b ). The economic value 
of these avoided deaths and illnesses is staggering—the U.S. has saved many millions 
of dollars avoiding air pollution-related illnesses, and the dollar value of the avoided 
premature deaths is many hundreds of billions of dollars. This study computed a 
return of ~$30 for every dollar spent in air pollutant reduction (U.S. EPA  2011b ). 
Meanwhile, other studies have also shown a signifi cant improvement in life- expectancy 
at birth as a result of improved air quality (Correia et al.  2013 ; Pope et al.  2009 ).  

 The impetus to form the U.S. Environmental Protection Agency (EPA) can be 
traced to both the environmental movement of the 1960s and 1970s, which responded 
in part to prominent environmental disasters, and the advent of focused health 
 science research. Short-term and highly damaging air pollution episodes (e.g., 
London 1952) and gradually deteriorating air quality in urban centers demonstrated 
to the public that air quality was greatly infl uenced by expanding industrial activity 
and traffi c volume; and, it was more than a passing nuisance—it could substantially 
affect public health and the environment over long periods of time. Initially,  polluted 
air from industrial urban centers was commonly understood as the “reducing- type” 
and the “oxidant-type,” each with unique chemistry profi les. The reducing-type of 
air pollution was typifi ed by industrial sources and consisted of black, acrid smoke 
(soot particles and acid gases like oxides of sulfur). On the other hand, the oxidant-
type air pollution was the prototype Los Angeles smog and consisted of photo-
chemical oxidant gases (e.g., ozone [O 3 ]) and their precursors (nitrogen dioxide, 
carbon monoxide, and hydrocarbons). 

 Early epidemiologic studies suggested that elevated short-term concentrations of 
these pollutants could adversely affect health, primarily pulmonary outcomes and in 
some cases leading to death. This early literature suggested that those groups with 
pre-existent ailments, and the very young and old seemed to be at greatest risk of an 
air pollutant-related health effect. Additionally, because lead was present in  gasoline 

  Fig. 15.1    The changing economic, population, and environmental status of the U.S., 1970–2012 
(U.S. EPA  2013a )       

 

J.D. Sacks et al.



405

and vehicle exhaust at the time, the health community recognized that this pollutant 
merited special attention. 

 Health researchers in academia, federal institutes, and eventually the private  sector 
saw the growing public concern and the early evidence of the potential for adverse 
health impacts of air pollution across all research disciplines, i.e., epidemiology, 
controlled human exposure, and animal and in vitro toxicology. While the 
 epidemiologic tools available at that time were rather basic (e.g., not using the 
sophisticated statistical techniques now employed), it was the empirical health 
studies conducted in controlled human exposure facilities along with evidence from 
animal toxicological studies that showed the predominant air pollutants of the time 
might be linked to adverse health. These pollutants (photochemical oxidants [as 
ozone, O 3 ], suspended particles [as total suspended particles or TSP], oxides of 
sulfur [as sulfur dioxide, SO 2 ], oxides of nitrogen [as nitrogen dioxide, NO 2 ],  carbon 
monoxide [CO], and hydrocarbons [as toluene equivalents]—had already been 
identifi ed in 1971 as ubiquitous and suspect. They came to be called “criteria” 
(National Ambient Air Quality Standard, or NAAQS) pollutants because EPA is 
required to develop criteria for the air pollutants, including the health and environ-
mental effects associated with each pollutant.

   Scientists from a variety of disciplines have published an enormous amount of 
peer reviewed health research over the last 40 years since the 1970 CAA, and much 
of this literature has directly supported quantitative risk assessments. Over time, 
improved science and quantitative analytical methodologies have provided more 
refi ned empirical data upon which EPA relies for its science-policy decisions. The 
process the Agency follows for setting the NAAQS is widely acknowledged as 
among the best juried decision process of its kind, and it is this highly structured 
process that ensures these standards are informed by the best available health  science. 
The CAA also brought renewed attention to the hazardous air pollutants (HAPS; air 
toxics) which tend to be less ubiquitous than the criteria pollutants described above 
and for which there is generally less complete data regarding human health risks. 

 The research linking air pollution to health outcomes has evolved in important 
ways, modifying our early understanding of how air quality affects specifi c organs. 
For example, we know now that the lung is not the sole—or necessarily primary—
target of air pollutants. Rather, we now appreciate that the cardiovascular system is 
an extraordinarily sensitive target for some pollutants. Evidence has also emerged 
indicating that the nervous and reproductive systems may be important targets. 
Additionally, the advent of genome sciences shows that DNA is a major, perhaps 
malleable, determinant of risk and may be targeted by air pollutants and contribute 
to the development of cancer or heritable traits. Overall, the identifi cation of 
 populations or lifestages at increased risk of an air pollutant-related health effect 
embraces risk that is innate (genetics) or imposed (lifestyle, life-state or socioeco-
nomic). These factors may come to be particularly important in determining 
response to air pollution, which could change over time and with exposure. 

 The science linking air quality and health is developing rapidly, and may yield 
even greater insight to the biological mechanisms and modes of action. Characterizing 
the human health exposure and risks associated with multiple pollutants remains a 
substantial challenge. Humans are rarely exposed to individual pollutants and as 
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both the absolute and relative levels of air pollutants change, it will become even 
more important to understand how pollutants within this complex mixture interact 
to affect human health. For example, some pollutants may prime responses to other 
pollutants or nonpollutant stressors—and indeed, some air pollution-related chronic 
or acute health outcomes may increase the risk of other air pollution-related 
 outcomes. The next generation of health research requires innovative thinking (like 
that which revolutionized the fi eld of air pollution epidemiology during the research 
of particulate matter), but must now encompass the biological and chemical sci-
ences to more fully understand the complicated relationship between air pollution 
exposures and health effects. However, these and other new approaches may be 
challenging to apply within the policy constraints of the CAA. 

 The fi rst 40 years of health research tended to be compartmentalized into digest-
ible units where pollutant type or outcomes could be assessed using assumptions 
that now increasingly appear simplistic. Uncertainties regarding the relationship 
between ambient concentrations and population-level exposures to these pollutants, 
and understanding how these exposures resulted in human health effects were 
among the most challenging aspects of compiling comprehensive analyses for 
NAAQS development. Risk assessors appreciated the issues of spatial and temporal 
differences in air pollution within the exposure paradigm, as well as dose levels, 
durations of exposure, and time of day or frequency of exposure. In this early  history 
of the NAAQS program, the comparative paucity of data meant that analysts at 
times had to draw upon all available data—even those studies with very different 
analytical approaches. In doing so, these analysts understood the uncertainties these 
methods introduced in exposure and health impact estimates, and noted these. In 
contrast to earlier literature, present day assessments are much more refi ned in 
terms of both the quality of the scientifi c studies used. Today, the accuracy and 
precision of bio-science tools, means that health outcome data can be even more 
highly refi ned across pollutants, health outcomes and population subgroups. As the 
quality and quantity of these data have improved, both risk analysts and managers 
must synthesize and reconcile this information. Likewise, the scientifi c literature 
has expanded to examine health outcomes that range from phenotypic descriptions 
to detailed mechanistic fi ndings that inform mode-of-action evaluations, which 
 subsequently allows for more detailed and relevant interpretations. 

 This chapter informs researchers on the processes whereby health science data is 
coalesced and translated for policy use with the added intention of helping research-
ers devise studies that could be informative for future policy decisions. This chapter 
reviews the current process for bringing the science together and translating it into 
policy. The desired qualities of the scientifi c information are noted, and for the 
 purposes of this book, which is for the empiricist, special emphasis is placed on the 
empirical sciences because they target direct issues associated with examining 
whether a causal relationship exists between air pollutant exposures and health 
effects. While these types of data may allow for more direct association and 
 incorporation into the regulatory science, the importance of population science—
epidemiology—is also appreciated and folded into the full analytical circuit.  
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15.2     A Brief Legislative History of the Clean Air Act 

 As described above, a vast amount of scientifi c literature examining the relationship 
between air pollution exposures and human health, ecological health and public wel-
fare has been published over the last 40 years, and much of it has been instrumental 
in shaping the policies that have improved U.S. air quality. Although the current 
regulatory form of the Clean Air Act (CAA) was not formally instituted until 1970, 
the U.S. Congress took a number of actions in the 15 years prior to  highlight the 
importance of preserving and protecting the air quality of the nation. By passing the 
Air Pollution Control Act    of 1955 (Air Pollution Control Act of  1955 ), the 
U.S. Federal government formally recognized, for the fi rst time, the potential  dangers 
associated with air pollution exposures on public health and welfare (e.g., visibility, 
agricultural impacts) of the U.S. This legislation requested state and local authorities 
to develop methods to measure and abate air pollution in their locales. While this Act 
was not very effective at improving air quality, growing public interest in improving 
air quality prompted Congress to enact the CAA of 1963 (Clean Air Act of  1963 ), 
also known as the “original” CAA, which improved the 1955 legislation with two 
key provisions: (a) initiate and accelerate a national research and development pro-
gram to prevent and control air pollution; and (b) develop a grants program to sup-
port state and local governments as they develop and implement programs to prevent 
and control air pollution. The 1963 Act was strengthened somewhat by the Air 
Quality Act of 1967 (Air Quality Act of  1967 ), which continued to defi ne the roles of 
the federal government and state governments in air pollution prevention and control 
including the development of State Implementation Plans (SIPS) to outline the 
approach each state would take to attain and maintain air  quality standards and initi-
ate approaches for dealing with the interstate transport of pollutants. Whereas state 
governments were responsible for maintaining clean air, the federal government was 
tasked with leading the research and development efforts, specifi cally on the effects 
of air pollution, monitoring methods, emissions characterization, and air pollution 
controls. For the fi rst time, motor vehicle  emission standards were established, but 
there were no standards for stationary sources (e.g., electric utilities, smoke stacks), 
nor was there identifi cation of the pollutants of greatest concern. 

 The CAA Amendments of 1970 (Clean Air Act of  1970 ) represented the fi rst 
environmental legislation that granted power to the federal government to regulate 
air pollution sources and also included the establishment of NAAQS. With the key 
provision of the CAA Amendments of 1970 giving the federal government the 
authority to regulate and enforce air pollution standards, Congress subsequently 
passed the National Environmental Policy Act, which formed the EPA, and tasked it 
with instituting this regulatory program (U.S. EPA  2010a ). Additional  amendments 
to the CAA (promulgated in 1977) (1977 Amendments to the Clean Air Act of 
 1970 ) added requirements to protect the air quality of areas already meeting the 
NAAQS. In 1978, EPA added lead (Pb), specifi cally Pb in Total Suspended 
Particulate (TSP), as the sixth criteria pollutant (Table  15.1 ). In 1979, hydrocarbons, 
which were instituted as a criteria pollutant to aid in O 3  control were deemed 

15 Air Pollution Regulatory Science



408

 unnecessary and removed as a criteria pollutant (Bachmann  2007 ). Finally, in 1987, 
instead of using TSP as a general indicator of particulate pollutants, a specifi c size 
fraction of particulate matter (PM) was designated as the indicator, PM 10  (i.e., par-
ticulate matter with an aerodynamic diameter ≤10 μm). 

 The CAA Amendments of 1990 (1990 Amendments to the Clean Air Act of 
 1970 ) represent the last major additions to the CAA to date. They detailed how the 
federal government, and specifi cally the EPA, would address the issue of preventing 
and reducing air pollution (acid rain and its welfare impacts constituted a primary 
area of focus). Additionally, those chemicals previously regulated under National 
Emission Standards for Hazardous Air Pollutants (NESHAP), originally defi ned as 
189 HAPs, were now controlled under a new program that focused on emission 
limits, utilizing Maximum Achievable Control Technology (MACT) standards. 

 Since the CAA Amendments of 1990, no signifi cant changes have been made to 
the CAA. However, over time there have been modifi cations to the indicators used 
to characterize the criteria pollutant PM. In 1997 the PM NAAQS was further 
expanded to encompass a smaller size fraction of particles, PM 2.5  (i.e., particulate 
matter with an aerodynamic diameter ≤2.5 μm). This has resulted in a PM NAAQS 
that regulates two size fractions, larger particles known as coarse particles (i.e., 
PM 10 ) and smaller particles known as fi ne particles (i.e., PM 2.5 ) (Table  15.1 ).  

15.3     The Current NAAQS Process 

 As designated in the CAA, the scientifi c basis underlying each of the NAAQS must 
be reviewed every 5 years. This review process comprises four key components that 
lead up to the rulemaking process (Fig.  15.2 ): (1) Planning/Integrated Review Plan 
(IRP), (2) Integrated Science Assessment (ISA), (3) Risk and Exposure Assessment 
(REA), and [4] Policy Assessment (PA) (4).  

Criteria Pollutant
Year

1970 1978 1979 1987 1997
Particulate matter (PM) PM10

a PM10

PM2.5
b

Photochemical oxidants
(as O3)

Total photochemical oxidants
(O3)

Oxides of nitrogen (NOx) Nitrogen dioxide (NO2)
Oxides of sulfur (SOx) Sulfur dioxide (SO2)
Carbon monoxide (CO) Carbon monoxide (CO)

Hydrocarbons (nonmethane)c

Lead (Pb) Lead
(Pb)d

Total suspended particles (TSP)

Ozone

Hydrocarbons (HC)

       Note: Gray shading indicates time periods when indicator was not in use 
  a PM 10  refers to particulate matter with an aerodynamic diameter ≤10 μm 
  b PM2.5 refers to particulate matter with an aerodynamic diameter ≤2.5 μm 
  c Non-methane hydrocarbons to help with O 3  control (Bachmann  2007 ) 
  d Specifi cally, Pb in suspended particles  

   Table 15.1    Evolution of the indicator used to defi ne NAAQS criteria pollutants  
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 The planning aspect of the NAAQS review process begins with a public  workshop 
on the science-policy issues associated with the criteria pollutant of interest. This 
workshop brings together the scientifi c community and the public to discuss key 
research that has taken place since the previous review and to highlight important 
policy-relevant issues that need to be considered during the current review. The 
planning process culminates with the development of the IRP, which presents the 
schedule and details regarding the review process and discusses the key policy- 
relevant issues that will form the basis of the review. 

 The second step of the NAAQS review process is the development of the ISA, 
which establishes the scientifi c basis of each NAAQS. This effort is led by EPA’s 
National Center of Environmental Assessment (NCEA), which is part of the Offi ce 
of Research and Development (ORD). The ISA represents a thorough review, 
 synthesis, and evaluation of the current state of the science, specifi cally the most 
policy- relevant science. Drafts of the ISA are thoroughly reviewed by the Clean Air 
Scientifi c Advisory Committee (CASAC), an independent panel of scientifi c experts 
that are vetted and selected by EPA’s Science Advisory Board (SAB). Comments on 
the ISA from this CAA-mandated committee and the public are addressed in the 
fi nal document.  

15.4     Integrated Science Assessments 

 The ISA forms the scientifi c basis of each NAAQS review. The development of an 
ISA starts with a comprehensive literature search and the selection of studies to 
consider for inclusion in the document. This is facilitated by the publication of a call 
for information in the Federal Register that invites the public to provide information 
relevant to the assessment. The EPA maintains an ongoing literature search process 
for the identifi cation of relevant scientifi c studies published since the last review of 
the NAAQS and maintains them in a database developed by the EPA, the Health and 
Environmental Research Online (HERO) database (U.S. EPA  2014 ). Published 
studies and studies accepted for publication that have undergone scientifi c peer 
review are considered for inclusion in the ISA. 

 Each of these studies is then individually evaluated with the aim to consider the 
strengths, limitations, and possible roles of chance, confounding and other biases 
that may affect its interpretation such that the fi nal group of studies included in the 
ISA is deemed to represent those studies of highest quality and relevance. This 
 collection of studies represents the body of scientifi c literature for a specifi c criteria 
pollutant, which spans studies of atmospheric science; human exposure, animal 
toxicology, controlled human exposure and epidemiology; and studies of ecological 
and welfare effects (e.g., visibility impairment). Although the ISA focuses on both 
health and ecological/welfare effects from this point forward the focus of this 
 discussion is only on the health effects aspect of the ISA. It is important to note that 
the new studies evaluated in each review are done so in the context of the collective 
body of scientifi c evidence evaluated in previous reviews. Therefore, in many 
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instances studies evaluated in previous reviews are brought forward to more fully 
build upon the conclusions of previous assessments. 

15.4.1     Development of Conclusions and Causal 
Determinations 

 EPA has developed a framework to integrate scientifi c evidence across disciplines 
and evaluate the causal nature of air pollution-related health or welfare effects. The 
standardized language used in each ISA was drawn from sources across the federal 
government and wider scientifi c community, especially the U.S. EPA  Guidelines for 
Carcinogen Risk Assessment  (U.S. EPA  2005a ), and National Academy of Sciences 
(NAS) Institute of Medicine (IOM) document,  Improving the Presumptive Disability 
Decision-Making Process for Veterans  (Samet and Bodurow  2008 ). Specifi cally, 
this framework is built upon four principles:

•    describe the kinds of scientifi c evidence used to establish a general causal 
 relationship between exposure and health effects;  

•   characterize the process for integration and evaluation of evidence necessary to 
reach a conclusion about the existence of a causal relationship;  

•   identify issues and approaches related to uncertainty;  
•   provide a means to classify and characterize the weight of evidence informing a 

determination of a general causal relationship.    

 Approaches to assessing the separate and combined lines of evidence (e.g., 
 epidemiologic, controlled human exposure, and animal toxicological studies) have 
been formulated by a number of other regulatory and science agencies, including 
the IOM of the NAS (Samet and Bodurow  2008 ), International Agency for Research 
on Cancer ( 2006 ), U.S. EPA ( 2005a ), and Centers for Disease Control and Prevention 
(CDC) (U.S. Department of Health and Human Services  2004 ). Causal inference 
criteria have also been described for ecological effects evidence (U.S. EPA  1998a ; 
Fox  1991 ). These various frameworks are similar in nature, although adapted to dif-
ferent purposes. These four principles have proven effective in providing a uniform 
structure and language for EPA’s causal determinations. 

15.4.1.1     From Association to Causation 

 The 1964 Surgeon General’s report defi ned “cause” as a “signifi cant, effectual 
 relationship between an agent and an associated disorder or disease in the host” 
(Public Health Service  1964 ). More generally, a cause is defi ned as an agent that 
brings about an effect or a result. An association is the statistical relationship among 
variables; alone, however, it is insuffi cient proof of a causal relationship between an 
exposure and a health outcome. Unlike an association, a causal claim supports the 
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creation of counterfactual claims, that is, a claim about what the world would have 
been like under different or changed circumstances (Samet and Bodurow  2008 ). 

 Moving from association to causation involves the elimination of alternative 
explanations for the association. Evidence from across scientifi c disciplines (e.g. 
epidemiology, animal toxicology, and controlled human exposure) for related and 
similar health effects is evaluated, synthesized, and integrated, including the evalu-
ation of respective strengths and weaknesses in the overall collection of studies. 
Confi dence in the collective body of evidence is evaluated based on study design 
and quality. The quality and strength of the input evidence varies by pollutant. 
Consideration of human health effects are informed by three general types of 
 studies: controlled human exposure, epidemiologic and toxicological studies. 
Mechanistic and other evidence, such as toxicokinetics and exposure, relevant to 
the evaluation of health effects and of suffi cient importance to affect the overall 
evaluation may be highlighted. 

 To aid judgment in interpreting scientifi c results, various “aspects” of causality 
have been discussed by many philosophers and scientists. For example, the 1964 
Surgeon General’s report on tobacco smoking discussed criteria for the evaluation 
of epidemiologic studies, focusing on consistency, strength, specifi city, temporal 
relationship, and coherence (Public Health Service  1964 ). Sir Austin Bradford Hill 
( 1965 ) articulated aspects of causality in epidemiology and public health that have 
been widely used in the scientifi c community (U.S. EPA  2005a ; Samet and Bodurow 
 2008 ; International Agency for Research on Cancer  2006 ; U.S. Department of 
Health and Human Services  2004 ). The aspects to judging causality developed by 
Sir Austin Bradford Hill formed the basis for EPA’s causal determination frame-
work, but were modifi ed to encompass a broader array of data (Table  15.2 ), and to 
be more consistent with EPA’s  Guidelines for Carcinogen Risk Assessment . This 
framework was developed to be specifi c to examining causality for health effects for 
pollutant exposures; however, it is important to note that in this process there are no 
simple formulas or fi xed rules that can be used to evaluate the evidence and make 
conclusions regarding causality. For example, one cannot simply count the number 
of studies reporting statistically signifi cant results or statistically non-signifi cant 
results and reach credible conclusions about the relative weight of the evidence and 
the likelihood of causality. Rather, this framework supports a systematic appraisal 
of the body of evidence, informed by peer and public comment and advice, which 
includes weighing alternative views on controversial issues. The aspects noted in 
Table  15.2  do not constitute a strict checklist, but rather provide guidance to deter-
mine the weight of the evidence for inferring causality. As such, not meeting one or 
more of the principles does not automatically preclude a determination of causality 
[see discussion in (U.S. Department of Health and Human Services  2004 )].
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     Table 15.2    Aspects to aid in judging causality (U.S. EPA  2013b )   

 Aspect  Description 

 Consistency of 
the observed 
association 

 An inference of causality is strengthened when a pattern of elevated risks is 
observed across several independent studies. The reproducibility of fi ndings 
constitutes one of the strongest arguments for causality. If there are 
discordant results among investigations, possible reasons such as differences 
in exposure, confounding factors, and the power of the study are considered. 

 Coherence  An inference of causality from one line of evidence (e.g., epidemiologic, 
clinical, or animal studies) may be strengthened by other lines of evidence 
that support a cause—and—effect interpretation of the association. 
Evidence on ecological or welfare effects may be drawn from a variety of 
experimental approaches (e.g., greenhouse, laboratory, and fi eld) and 
subdisciplines of ecology (e.g., community ecology, biogeochemistry, and 
paleontological/historical reconstructions). The coherence of evidence from 
various fi elds greatly adds to the strength of an inference of causality. In 
addition, there may be coherence in demonstrating effects across multiple 
study designs or related health endpoints within one scientifi c line of 
evidence. 

 Biological 
plausibility 

 An inference of causality tends to be strengthened by consistency with data 
from experimental studies or other sources demonstrating plausible 
biological mechanisms. A proposed mechanistic linking between an effect 
and exposure to the agent is an important source of support for causality, 
especially when data establishing the existence and functioning of those 
mechanistic links are available. 

 Biological 
gradient 
(exposure—
response 
relationship) 

 A well—characterized exposure—response relationship (e.g., increasing 
effects associated with greater exposure) strongly suggests cause and effect, 
especially when such relationships are also observed for duration of 
exposure (e.g., increasing effects observed following longer exposure 
times). 

 Strength of the 
observed 
association 

 The fi nding of large, precise risks increases confi dence that the association 
is not likely due to chance, bias, or other factors. However, it is noted that a 
small magnitude in an effect estimate may represent a substantial effect in a 
population. 

 Experimental 
evidence 

 Strong evidence for causality can be provided through “natural 
experiments” when a change in exposure is found to result in a change in 
occurrence or frequency of health or welfare effects. 

 Temporal 
relationship of 
the observed 
association 

 Evidence of a temporal sequence between the introduction of an agent, and 
appearance of the effect, constitutes another argument in favor of causality. 

 Specifi city of 
the observed 
association 

 Evidence linking a specifi c outcome to an exposure can provide a strong 
argument for causation. However, it must be recognized that rarely, if ever, 
does exposure to a pollutant invariably predict the occurrence of an 
outcome, and that a given outcome may have multiple causes. 

 Analogy  Structure activity relationships and information on the agent’s structural 
analogs can provide insight into whether an association is causal. Similarly, 
information on mode of action for a chemical, as one of many structural 
analogs, can inform decisions regarding likely causality. 
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15.4.1.2        Determination of Causality 

 To draw conclusions on the causal relationships between criteria pollutant  exposures 
and health effects, ISAs use a fi ve-level hierarchy, to be consistent with EPA 
 Guidelines for Carcinogen Risk Assessment  that classifi es the weight of evidence 
for causation. This weight of evidence evaluation is based on the integration of 
 fi ndings from various lines of evidence from across health effects disciplines and 
are integrated into a qualitative statement about the overall weight of evidence and 
causality. The fi ve descriptors for causal determinations are described in Table  15.3 .

   Table 15.3    Weight of evidence for causal determination (U.S. EPA  2013b )   

 Health effects 

 Causal 
relationship 

 Evidence is suffi cient to conclude that there is a causal relationship with 
relevant pollutant exposures (i.e., doses or exposures generally within one to 
two orders of magnitude of current levels). That is, the pollutant has been 
shown to result in health effects in studies in which chance, bias, and 
confounding could be ruled out with reasonable confi dence. For example: (a) 
controlled human exposure studies that demonstrate consistent effects; or (b) 
observational studies that cannot be explained by plausible alternatives or are 
supported by other lines of evidence (e.g., animal studies or mode of action 
information). Evidence includes multiple high—quality studies. 

 Likely to be 
a causal 
relationship 

 Evidence is suffi cient to conclude that a causal relationship is likely to exist 
with relevant pollutant exposures, but important uncertainties remain. That is, 
the pollutant has been shown to result in health effects in studies in which 
chance and bias can be ruled out with reasonable confi dence but potential 
issues remain. For example: (a) observational studies show an association, but 
copollutant exposures are diffi cult to address and/or other lines of evidence 
(controlled human exposure, animal, or mode of action information) are 
limited or inconsistent; or (b) animal toxicological evidence from multiple 
studies from different laboratories that demonstrate effects, but limited or no 
human data are available. Evidence generally includes multiple high—quality 
studies. 

 Suggestive, 
but not 
suffi cient, to 
infer a causal 
relationship 

 Evidence is suggestive of a causal relationship with relevant pollutant 
exposures but is limited, and chance, confounding and other biases cannot be 
ruled out For example, [1] when the body of evidence is relatively small, at 
least one high—quality epidemiologic study shows an association with a 
given health and/or a high-quality toxicological study shows effects relevant 
to humans in animal species; or [2] when the body of evidence is relatively 
large, evidence from studies of varying quality is generally supportive but not 
entirely consistent, and there may be coherence across lines of evidence (e.g., 
animal studies or mode of action information) to support the determination. 

 Inadequate to 
infer a causal 
relationship 

 Evidence is inadequate to determine that a causal relationship exists with 
relevant pollutant exposures. The available studies are of insuffi cient quantity, 
quality, consistency, or statistical power to permit a conclusion regarding the 
presence or absence of an effect. 

 Not likely to 
be a causal 
relationship 

 Evidence is suggestive of no causal relationship with relevant pollutant 
exposures. Several adequate studies, covering the full range of levels of 
exposure that human beings are known to encounter and considering at-risk 
populations, are mutually consistent in not showing an effect at any level of 
exposure. 
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   Determination of causality involves the evaluation and integration of evidence 
for different types of health effects associated with short- and long-term exposure 
periods. In making determinations of causality, evidence is evaluated for major 
 outcome categories or groups of related endpoints (e.g., respiratory effects). To 
draw judgments regarding causality, the focus needs to be on the evidence of effects 
in the range of relevant pollutant exposures or doses, and not the determination of 
causality at any specifi c dose. Emphasis is placed on evidence of effects at doses 
(e.g., blood Pb concentration) or exposures (e.g., air concentrations) that are rele-
vant to, or somewhat above, those currently experienced by the population. The 
extent to which studies of higher concentrations are considered varies by pollutant 
and major outcome category, but generally includes those with doses or exposures 
in the range of one to two orders of magnitude above current or ambient conditions. 
Studies that use higher doses or exposures may also be considered to the extent 
that they provide useful information to inform understanding of mode of action, 
interspecies differences, or factors that may increase the risk of a criteria pollutant-
related health effect for) of a portion of the population. Studies which aid in understanding 
the quantitative relationships between pollutant exposures and health effects, includ-
ing evaluation of the form of concentration-response or dose-response relationships 
particularly in populations that may be at greater risk, are quite valuable.   

15.4.2     Public Health Impact 

 Under the CAA, the NAAQS are intended to protect public health with an adequate 
margin of safety (1990 Amendments to the Clean Air Act of  1970 ). To fully charac-
terize the public health impact associated with exposures to a criteria pollutant, the 
ISA also evaluates the scientifi c evidence to address the following questions that 
represent key pieces of information used in the development of the REA and PA:

•    What is the concentration-response, exposure-response, or dose-response rela-
tionship in the human population?  

•   What is the interrelationship between incidence and severity of effect?  
•   What exposure conditions (dose or exposure, duration and pattern) are important?  
•   What populations and lifestages appear to be differentially affected (i.e., at 

greater or less risk of experiencing effects)?    

 The fi rst three questions require an evaluation of the quantitative evidence to 
characterize pollutant concentrations and exposure durations at which effects were 
observed for exposed populations. This involves considering evidence from both 
experimental and epidemiologic studies that examine the concentration-response 
relationship. Although often limited in number, controlled human exposure studies 
provide the most direct and quantifi able exposure-response data on the human 
health effects of pollutant exposures. Toxicological studies may also provide 
 supporting information on the concentration-response relationship, specifi cally 
with regard to mode of action and characteristics of populations that may be at 
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increased risk of a criteria pollutant-related health effect. Additionally, epidemio-
logic studies, which examine the shape of the concentration-response relationship 
for an entire population, and can evaluate more severe outcomes (e.g., mortality) are 
added to the overall body of evidence. 

 An important consideration in characterizing the public health impacts associ-
ated with exposure to a criteria pollutant is whether the concentration-response rela-
tionship is linear across the range of concentrations or if nonlinear relationships 
exist. The shape of the concentration-response curve at and below the level of the 
current standard is of particular interest. Various sources of variability and uncer-
tainty, such as low data density in the lower concentration range, possible infl uence 
of exposure measurement error, and variability between individuals to air pollution- 
related health effects, tend to smooth and “linearize” the concentration-response 
function, and thus can obscure the existence of a threshold or nonlinear relationship. 
Because individual thresholds vary from person-to-person due to differences such 
as genetic polymorphisms or preexisting diseases or conditions, it can be diffi cult to 
demonstrate that a single, population-level threshold exists in a population-level 
study. On the other hand, in animal and in vitro studies where there is substantial 
variable control, thresholds are quite typical and often suggest lower sensitivity to a 
pollutant challenge without incorporation of “risk” factors such as genetic factors 
that might affect mode of action. These sources of variability and uncertainty may 
explain why the available human data at ambient concentrations for some environ-
mental pollutants (e.g., PM, O 3 , Pb, environmental tobacco smoke [ETS], radiation) 
do not exhibit thresholds for cancer or noncancer health effects, even though likely 
mechanisms include nonlinear processes for some key events. 

 Finally, the assessment of public health impacts of air pollutant exposures neces-
sitates the identifi cation of population groups or lifestages that may be at greater 
risk for an air pollutant-related health effect. In the ISA, the term “at-risk popula-
tion” is used to broadly encompass populations or lifestages that have a greater 
likelihood of experiencing health effects related to exposure to an air pollutant. In 
the scientifi c literature, a number of terms have often been used to represent these 
factors. For example, “susceptibility” has often be used to refer to biological or 
intrinsic factors (e.g., lifestage, sex, preexisting disease/conditions) while “vulner-
ability” has often been used to refer to non-biological or extrinsic factors (e.g., 
socioeconomic status [SES]) (U.S. EPA  2010b ; U.S. EPA  2009 ). Additionally, in 
some cases, the term “sensitive” has been used to encompass these concepts more 
generally, but the overarching term “at-risk” is all inclusive and includes interac-
tions among these factors. The overall emphasis of this assessment is to identify and 
understand the factors that potentially increase the risk for air pollutant-related 
health effects, regardless of whether the increased risk is due to intrinsic factors, 
extrinsic factors, increased dose/exposure, or a combination due to the interconnect-
edness of factors. 

 To identify factors that potentially lead to increased risk for air pollution-related 
health effects, the evidence is systematically evaluated across all relevant scientifi c 
disciplines (i.e., exposure sciences, dosimetry, toxicology, and epidemiology). An 
evaluation of studies fi rst consists of focusing on those studies that conducted 
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stratifi ed analyses (i.e., epidemiologic or controlled human exposure) to compare 
populations or lifestages exposed to similar air pollutant concentrations within the 
same study design. Epidemiologic studies can help identify populations potentially 
at increased risk for air pollutant-related health effects by evaluating whether health 
responses are modifi ed in a subset of the study population. Examples include testing 
for interactions or effect modifi cation by factors such as sex, lifestage, or health 
status. Experimental studies also provide important lines of evidence in the evalua-
tion of factors that may lead to increased risk for an air pollutant related-health 
effect. For example, toxicological studies conducted using animal models of genetic 
predisposition (e.g., polymorphisms, gene knockouts) or disease and controlled 
human exposure studies that examine individuals with underlying disease or genetic 
polymorphisms may provide evidence in the absence of stratifi ed epidemiologic 
analyses. These studies can also provide support for coherence with the health 
effects observed in epidemiologic studies as well as an understanding of biological 
plausibility. Building on the causal framework discussed in detail above, conclu-
sions are reached regarding the strength of evidence across scientifi c disciplines for 
each factor that may contribute to increased risk for an air pollutant-related health 
effect. The conclusions drawn consider the “Aspects to aid in judging causality” 
discussed in Table  15.2 . The categories considered for evaluating factors that may 
potentially increase the risk for an air pollutant-related health effect are “adequate 
evidence,” “suggestive evidence,” “inadequate evidence,” and “evidence of no 
effect.” They are described in more detail in Table  15.4 .

   Table 15.4    Classifi cation of evidence for potential at-risk factors (U.S. EPA  2013b )   

 Health effects 

 Adequate 
evidence 

 There is substantial, consistent evidence within a discipline to conclude that a 
factor results in a population or lifestage being at increased risk for an air 
pollutant-related health effect(s) relative to some reference population or 
lifestage. Where applicable this includes coherence across disciplines. 
Evidence includes multiple high—quality studies. 

 Suggestive 
evidence 

 The collective evidence suggests that a factor results in a population or 
lifestage being at increased risk for an air pollutant-related health effect 
relative to some reference population or lifestage, but the evidence is limited 
due to some inconsistency within a discipline or, where applicable, a lack of 
coherence across disciplines. 

 Inadequate 
evidence 

 The collective evidence is inadequate to determine if a factor results in a 
population or lifestage being at increased risk for an air pollutant-related 
health effect relative to some reference population or lifestage. The available 
studies are of insuffi cient quantity, quality, consistency, and/or statistical 
power to permit a conclusion to be drawn. 

 Evidence of no 
effect 

 There is substantial, consistent evidence within a discipline to conclude that a 
factor does not result in a population or lifestage being at increased risk for 
an air pollutant-related health effect(s) relative to some reference population 
or lifestage. Where applicable this includes coherence across disciplines. 
Evidence includes multiple high—quality studies. 
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15.5         Translating the Science into Policy 

 Following ISA revisions based on CASAC and public reviews the Agency releases 
a Final ISA. The Offi ce of Air Quality Planning and Standards (OAQPS) in the 
Offi ce of Air and Radiation (OAR) is responsible for using the key science  judgments 
to develop two critical documents: the Risk and Exposure Assessment (REA) and 
the Policy Assessment (PA) (U.S. EPA  2013c ). These documents each inform the 
Administrator’s fi nal decisions on whether to revise or retain a NAAQS during 
 rulemaking. Note that the Clean Air Act prohibits the Administrator from consider-
ing cost when making his or her decision regarding the appropriate standard level—
though the Agency may (and indeed does) consider costs and other economic 
impacts when implementing the standard. OAQPS develops these documents 
partially in concurrence with the ISA; this ensures that the Agency adheres to the 
5 year NAAQS review schedule. The NAAQS decision-making process is inher-
ently  collaborative and iterative, ensuring a coherent decision, although, account-
ability for the documents resides with the respective Offi ces. The fi nal drafts and 
CASAC reviews of the REA and PA are completed after fi nalization of the ISA. 

 The REA presents a quantitative characterization of the exposures and risks to 
human health and ecology or public welfare in response to recent air quality condi-
tions and air quality estimated to just meet (i.e. improve air quality to meet the 
standard, but no further) the existing or alternative air quality standards being 
 considered. However, it is important to note that the REA is not required, and may 
not be warranted in cases where there is insuffi cient new scientifi c evidence or air 
quality data. The REA is reviewed by CASAC and in fi nal form, provides a detailed 
discussion of the uncertainties associated with the estimates produced. 

 In addition to the REA, OAQPS also develops the PA representing the EPA staff 
analysis of the scientifi c basis for policy options that are then considered by senior 
EPA management prior to rulemaking (U.S. EPA  2013c ). The policy considerations 
presented in the PA provide a linkage between the scientifi c conclusions discussed 
in the ISA and REA and the scientifi c judgments required of the EPA Administrator 
in determining whether the NAAQS for a criteria pollutant should be retained or 
revised. Development of the PA is also intended to facilitate CASAC’s advice to 
EPA, including its recommendations to the Administrator with regard to the 
 adequacy of the current standard and potential revisions that may be appropriate to 
consider. As such, the PA focuses on information that is pertinent to evaluating the 
four basic elements of a NAAQS: (a) “indicator” (i.e., what is the pollutant to be 
measured); (b) “averaging time” (i.e., defi nes the time period over which ambient 
measurements are averaged [e.g., 1-h maximum, 24-h average, annual]); (c) “form” 
(i.e., what air quality statistic should be used to identify the concentrations to be 
compared to the level [e.g., current O 3  NAAQS is 4th highest daily maximum 8-h 
concentration averaged over 3 years]); and (d) “level” (i.e., what is the allowable 
concentration of the indicator in the ambient air). These elements, which together 
serve to defi ne each standard, are considered collectively in evaluating the health or 
welfare protection afforded by the standard. 
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 Taking into consideration the information in the ISA, REA(s), and PA and the 
advice of CASAC, the EPA develops 1  and publishes a notice of proposed rulemak-
ing that communicates the Administrator’s proposed decisions regarding the review 
of the NAAQS, including preliminary decisions on the adequacy of the current 
standard(s) and, if appropriate, potential alternative standard(s). Proposed revisions 
may include revisions to one or all of the basic elements of a standard. The proposed 
rule presents the scientifi c basis for the options discussed. A public comment period, 
during which public hearings are generally held, follows publication of the notice of 
proposed rulemaking. Taking into account comments received on the proposed rule, 
the EPA develops and issues a fi nal rule presenting the Administrator’s fi nal  decision 
on whether the current NAAQS should be retained or revised. In addition, the 
Agency prepares a formal Response to Comments document to address substantive 
issues raised by the public during the public comment period on the proposed rule.  

15.6     Hazardous Air Pollutants (HAPs) 

 As described briefl y above, the approach for the regulation of air toxics, also referred 
to as hazardous air pollutants (HAPs), is different from that of the NAAQS. Rather 
than six pollutants, the CAA lists 187 pollutants and pollutant classes that the 
Agency must evaluate if they are emitted in certain amounts from stationary sources 
(U.S. EPA  2013d ). The original list of 189 has since been reduced to 187 after for-
mal petition-capalactum and methyl ethyl ketone (MEK) are no longer listed. A 
detailed description of the process for assessing HAPs and developing risk  estimates 
can be found elsewhere (U.S. EPA  1998b ). The assessment approach is fundamen-
tally based on using computer models to estimate ambient air toxics concentrations 
and population exposures nationwide. The ability to directly measure ambient air 
toxics concentrations is currently limited. Such measurements are available for only 
a subset of air toxics in relatively few locations and for small study populations. 
Therefore, EPA estimates inhalation exposure concentrations and health risks from 
a given industry sector using the Human Exposure Model (Community and Sector 
HEM-3 version 1.1.0). The HEM-3 performs three primary risk assessment activi-
ties: (a) conducts dispersion modeling to estimate the concentrations of HAP in 
ambient air, (b) estimates long-term and short-term inhalation exposures to  indivi-
duals residing within 50 kilometers (km) of the modeled sources, and (c) estimates 
individual- and population-level inhalation risks using the exposure estimates and 
quantitative dose-response information. To estimate potential ingestion impacts, 
EPA uses the Total Risk Integrated Methodology (U.S. EPA  2010c ). Health benchmarks 
derived by the EPA Integrated Risk Information System (IRIS), the Agency for 

1   As with all major rulemaking, the development of a proposed and fi nal rule undergoes extensive 
internal EPA review as well as interagency review. The interagency review is coordinated through 
the Offi ce of Management and Budget and includes review from other agencies across the Federal 
government. 
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Toxic Substances and Disease Registry, and other appropriate agencies are used to 
estimate the maximum individual lifetime cancer risk, as well as noncancer and 
acute risk. If, as described below, the multipollutant realities of air pollution drive 
the next dimension of air pollution health science, there will be need for more 
refi ned HAPs toxicological data. Perhaps HAPs data coupled with mode-of- action 
and phenotypic outcomes attributed to NAAQS pollutants will allow for a more 
systematic perspective of the full public health impacts of air pollution.  

15.7     Setting and Implementing Air Quality Standards 
Outside the U.S 

 Poor air quality affects populations throughout the world, particularly among devel-
oping countries. Indeed, a number of recent studies have highlighted the health 
burden posed by recent levels of ambient air pollution throughout the world (Burnett 
et al.  2014 ) as well as the extent to which air pollution from other countries may 
affect air quality and health in the U.S. (Anenberg et al.  2010 ). 

 While it is not possible to review systematically the approach that each country 
takes to managing its air quality in the space of this chapter, it is worth summarizing 
the most commonly used methods as well as the ambient standards. As an example, 
many countries throughout Southeast Asia specify a health-based air quality stan-
dard for the common, or criteria, air pollutants noted above; in certain cases these 
countries mirror the World Health Organization (WHO)-specifi ed health-based 
standards or may set a standard that is more or less stringent than the WHO (Schwela 
 2006 ). As in the U.S., when designing emission control strategies to meet these stan-
dards, countries frequently implement technology-based standards affecting those 
emission sectors thought to most degrade air quality. As an example, emission con-
trol standards may require the use of specifi c fuels that reduce emissions of NO x  and 
CO, or may mandate that vehicle manufacturers install fi lters to trap particles. A 
comparison of U.S. air quality standards for the six criteria pollutants with those for 
the WHO and other countries including Japan, Korea, China, India and Singapore is 
detailed in Table  15.5 . This table demonstrates how air quality standards vary 
according to both the absolute ambient level as well as the exposure duration.

15.8        The Role of Evolving Science in Shaping 
Future Air Quality Policy 

 Scientifi c research is inherently forward-looking and innovative, and fortunately the 
CAA is designed to accommodate this new knowledge. The CAA mandates EPA to 
periodically review the adequacy of existing NAAQS, and recognizes the impor-
tance of air pollution interactions. It clearly requires the Agency to set standards for 
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a single pollutant at a time, but also accounts for the fact that the atmosphere is 
comprised of pollutant mixtures (1990 Amendments to the Clean Air Act of  1970 ). 
Therefore, those performing the research must be aware of the need for basic health 
research regarding air pollutants and the way in which these pollutants—including 
both NAAQS and HAPs—interact in the atmosphere and affect public health jointly. 
As both absolute and relative levels of pollutants change, the potential for these 
 pollutants to interact may change as well. Likewise, as pollutant levels fl uctuate, 
exposures among certain population groups—particularly those who may be socio-
economically or otherwise disadvantaged (e.g., compromised health)—may shift as 
well. As the science continues to evolve, the Agency’s science-policy decisions 
must also evolve in concert. As evidence of the Agency’s ability to adapt its policies 
to changing science, below we describe various approaches to managing air quality 
that account for a multipollutant atmosphere. 

15.8.1     An Evolving Approach to Managing Air Quality 
in the U.S 

 While the statutes governing federal air quality policy have remained largely 
unchanged since the passage of the CAA Amendments of 1990, the EPA has over 
time evolved in its approach to implementing this law. As described in detail above, 
the CAA specifi ed distinct regulatory approaches to reduce ambient concentrations 
and risks associated with the six so-called “criteria” pollutants and the 189 toxic air 
pollutants. Though largely treated by law as though they are independent, there are 
important interdependencies among these pollutants. For example:

•     A common array of sources may emit direct and precursor criteria and toxic air 
pollutants . For example, a control strategy that focuses on reducing O 3  typically 
would affect both NO x  and volatile organic compound (VOC) emissions. 
Reduced levels of VOCs can also attenuate exposures to HAPS that are both 
primarily released (e.g. benzene, 1,3-butadience) and secondarily formed (e.g. 
formaldehyde, acetaldehyde).  

•    Emission control technologies can reduce levels of both criteria air pollutants 
and HAPs . Certain emission controls can affect the levels of criteria pollutants as 
well as HAPs.  

•    Toxic and criteria air pollutants interact with one another in the atmosphere . An 
air quality policy that reduces levels of air toxics that are also VOCs may also 
affect levels of O 3  and (to a lesser extent) PM 2.5  (Table  15.6 ).

•       Multiple pollutants affect human health . Policies affecting the level of SO 2  in the 
atmosphere will infl uence PM 2.5  levels as well as both visibility and terrestrial 
acidity. Two or more pollutants may jointly contribute to population risks.     

15 Air Pollution Regulatory Science
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15.8.2     The Multipollutant, Risk-Based Approach to Managing 
Air Quality 

 Recognizing the multipollutant nature of ambient air sheds, in its 2004 report  Air 
Quality Management in the United States  (Air Quality Management in the United 
States: The National Academies Press  2004 ), the National Research Council (NRC) 
recommended that EPA transition from a “pollutant-by-pollutant” approach to 
 managing air quality to a “multipollutant, risk-based approach.” That is: design 
policies that account for the multipollutant nature of the atmosphere and thus reduce 
both the levels, and associated risks, of multiple pollutants. Since the NRC report, a 
number of studies have illustrated the advantages of applying this technique. 

 Perhaps the most complete example is the Detroit multipollutant pilot project 
(Wesson et al.  2010 ), whose goals were twofold: (a) demonstrate how such a 
 multipollutant, risk-based approach could be performed using available tools and 
data; and (b) determine the benefi ts of this technique, relative to a more traditional 
air quality management plan. The pilot project employed two contrasting air quality 
management plans for Detroit. The fi rst, termed the “Status Quo,” aimed to attain 
the PM 2.5  and O 3  NAAQS at least cost, measured on the basis of the cost per ton of 
abating emissions. The second sought to improve air quality by at least the same 
degree as the “Status Quo,” but to also maximize human health benefi ts and achieve 
air quality improvements among multiple pollutants. Wesson and colleagues 
employed well-established analytical tools and techniques to model changes in air 
pollutant emission levels, air quality, health impacts and monetized benefi ts 
(Fig.  15.3 ). When developing the multipollutant risk-based strategy, Wesson et al. 

Multipollutant
Modeling Platform

Integrated
Emissions
Inventory

Multipollutant
Control

Measures

Air Quality
Modeling
System

Control
Strategy

Assess
Impact on

Human Health

  Fig. 15.3    Multipollutant analytical framework (Wesson et al.  2010 ) (Reprinted under the Creative 
Commons Attribution 3.0 License)       
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( 2010 ) preferentially selected emission control technologies that would reduce 
 levels of multiple pollutants. For example, fabric fi lters, coal washing and electro-
static precipitators will each reduce emissions of total PM 2.5  mass as well as toxic 
metals.  

 When compared to the Status-Quo approach, the multipollutant risk-based plan 
was predicted to reduce O 3  and PM 2.5  levels throughout the Detroit metropolitan 
area to a greater degree, to yield twice the monetized health benefi ts in the form of 
avoided premature deaths and illnesses, and to lower the non-cancer risk from 
 manganese. The overall projected cost of each strategy was roughly commensurate—
the Status Quo was estimated to cost approximately $56M, while the multipollutant 
risk-based technique cost approximately $66M (2006 dollars). Moreover, the 
 multipollutant risk-based approach was more cost effective compared to the status 
quo, costing less per μg/m 3  of PM 2.5  and ppb of ozone reduced. The net benefi ts (that 
is, benefi ts minus total costs) of the multipollutant risk-based strategy were roughly 
double those of the Status Quo (Table  15.7 ).

15.8.3        Characterizing Risk Among Certain Populations 

 As detailed above, when setting NAAQS, the EPA accounts for the fact that certain 
populations—due to lifestage, compromised baseline health status or other 
factors—may experience greater risks from air pollution than the general popula-
tion. The EPA and others have increasingly sought to account for the elevated risks 
these subpopulations experience when both designing plans to attain (i.e., meet) the 
NAAQS and when performing benefi ts analyses in support of air pollution 
regulations. 

   Table 15.7    Comparison of benefi ts and costs of the Status-Quo and the multipollutant risk-based 
approaches (Wesson et al.  2010 )   

 “Status 
Quo” 

 “Multi-pollutant, 
risk-based” 

  Total benefi ts (M 2006$)      $1, 127  $2, 385 
 Change in population-weighted PM 2.5  exposure 
(μg/m 3 ) 

 Regional  0.16  0.1666 
 Local  0.2703  0.7211 

 Change in population-weighted O 3  exposure 
(ppb) 

 Regional  0.0005  0.0006 
 Local  0.0318  0.0583 

  Total costs (M 2006$)   $56  $66 
  Cost per μg/m   3    PM   2.5    reduced   $0.50  $0.32 
  Cost per ppb O   3    reduced   $2.6  $0.58 
  Net benefi ts (M 2006$)   $1, 071  $2, 319 
  Benefi t-cost ratio   20.1  36.1 

  Reprinted under the Creative Commons Attribution 3.0 License  

J.D. Sacks et al.
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15.8.3.1     Accounting for Specifi c Groups of the Population When 
Implementing the Standard 

 To address this fi rst question of whether it is possible to account for differential risks 
among specifi c groups within the larger population when implementing an air 
 quality standard, Fann et al. ( 2011 ) drew upon the results of the Detroit multipollut-
ant pilot described above. The authors: (a) explored various techniques for both 
identifying, and characterizing the level of air pollution risk among specifi c groups 
of the population; and (b) tested whether it was possible to target air quality improve-
ments among these groups and hence maximize their health benefi ts and more equi-
tably distribute risk between these groups and the rest of the population. 

 Fann et al. ( 2011 ) fi rst identifi ed population subgroups that met various defi ni-
tions of susceptibility and vulnerability and found that irrespective of how they 
operationalized these terms, the spatial distribution of these population subgroups 
were remarkably similar. When characterizing the change in air pollution exposure 
and risk among these vulnerable and susceptible groups, Fann et al. ( 2011 ) found 
that the multipollutant risk-based approach would yield greater health benefi ts in the 
form of fewer premature deaths and hospital visits. The multipollutant, risk- based 
approach also provided a more equitable distribution of air pollution risk among all 
populations, such that the risk among vulnerable and susceptible populations was 
more similar to the levels experienced by the rest of the population. 

 Taken together, the Detroit pilot project papers suggest that it is both technically 
feasible, and advantageous, to consider both the costs, as well as the size and distri-
bution of benefi ts, when implementing air quality standards. Using readily available 
tools and data, policy makers can craft air quality management policy that: (a) reduces 
risks among multiple pollutants; (b) maximizes human health benefi ts among the 
total population as well as those most vulnerable and susceptible; and (c) more 
equitably distributes air pollution risk.  

15.8.3.2     Accounting for Specifi c Populations When Developing 
Air Quality Rules 

 The U.S. EPA has historically described the benefi ts of air quality rules in terms of 
aggregate effects and total dollar benefi ts. For example, the 2005 Clean Air Interstate 
Rule (U.S. EPA  2005b ) reported national monetized net benefi ts ranging from $71 
to $60 billion per year (1999 dollars). That analysis quantifi ed endpoints affecting 
certain populations, including aggravated asthma among asthmatics, and upper and 
lower respiratory symptoms among children, among other impacts. However, 
nowhere did this analysis describe how these impacts were distributed: (a) by place; 
or (b) by population subgroup. 

 Responding in part to the directives of Executive Order 12898, Environmental 
Justice for Low Income & Minority Populations (Executive Order 12898  1994 ), 
which requires Agencies to formally consider “disproportionately high and adverse 
impacts” of its policies, the U.S. EPA has sought to provide more detailed information 
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regarding the populations affected by air quality rules. Building upon the approach 
employed in the Detroit multipollutant pilot project, the Agency has recently begun 
accounting for impacts among certain populations in its national rules. For example, 
the Transport Rule (U.S. EPA  2011a ) included a distributional analysis that aimed 
to answer two questions: (a) What is the baseline distribution of PM 2.5 -related 
 mortality risk according to race, income and education of the population; and (b) 
How did the rule affect the way in which this risk was distributed among those 
populations? 

 That analysis employed an array of metrics to answer these two questions, 
 fi nding that the rule not only delivered substantial health benefi ts to the total popula-
tion, but that it tended to improve air quality among those populations who were at 
greatest risk in the baseline. Figure  15.4  projects the change in annual mean PM 2.5  
levels prior to, and after, the Transport Rule was to be implemented. The red outline 
encircles those counties that were at, or above, the median level of PM 2.5 -related 
 mortality risk in 2005. Note that the levels of PM 2.5  decline signifi cantly after the 
Transport Rule is modeled to be implemented, and that the number of counties at or 
above the median 2005 risk level declines precipitously. These results suggest that 
the rule would deliver air quality benefi ts among those populations who were expe-
riencing the highest levels of risk in the 2005 baseline.  

 In that analysis, we summarized the change in PM 2.5  mortality risk among 
 populations who have attained three alternate levels of education—less than high 
school, high school and greater than high school (Fig.  15.5 ). This analysis applied 
education- stratifi ed PM 2.5  mortality risk coeffi cients. 2  These results indicate that 

2   Analysis of the American Cancer Society cohort has found that education modifi es the PM 2.5  
mortality relationship, such that populations with less than a grade 12 education are at greater risk 
of PM 2.5 -related death. 
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Counties at or above the 2005 median risk level in 2014, prior to implementing the

Transport Rule

Counties at or above the 2005 median risk level in 2014, prior to implementing the

Transport Rule

  Fig. 15.4    Estimated change in ambient levels, and populations most at risk, of PM 2.5  in the U.S. 
prior to and after the Transport Rule is implemented (U.S. EPA  2011a )       
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populations with less than a high school education are at higher risk of PM 2.5  
 mortality in 2005, irrespective of whether these populations live in counties 
 identifi ed as being higher risk in the baseline. Between 2005 and the 2014 Transport 
Rule, all populations see their mortality risk fall, regardless of the level of education 
they attained.  

 Detailed results such as these can directly inform national air quality policy, and 
it is conceivable that as the empirical literature evolves, it may be possible to  identify 
additional factors that affect population susceptibility. However, some of these 
 factors, such as genotypic differences, are challenging to detect in large popula-
tions, and so it is likely that risk assessments will be constrained to categorize popu-
lations according to readily observable attributes such as those described above. 
Understanding how populations most susceptible and vulnerable to air pollution are 
spatially distributed can be useful to decision makers as they design air quality 
policy—both at the national and local level.   

15.8.4     Characterizing the Human Health Burden Associated 
with Recent and Future Levels of Air Pollution 

 The substantial benefi ts of air pollution reductions since 1990 are noted above. 
Underscoring the impact of air pollution are additional analyses, including that by 
Fann et al. ( 2012 ), that estimated the overall health burden associated with recent 
levels of air pollution. They found that in 2005 over 100,000 premature deaths were 
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  Fig. 15.5    PM 2.5 -related mortality risk among populations of different levels of education attain-
ment and levels of baseline risk (U.S. EPA  2011a )       
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 attributable to elevated levels of PM 2.5  and O 3 , accounting for approximately six 
percent of all deaths. The mortality burden of air pollution was not shared equally 
by location; southern California had among the largest number of premature deaths 
and highest percentage of all-cause deaths attributable to air pollution. Refi ning this 
impact, Fann et al. ( 2013 ) used source apportionment modeling techniques to 
 attribute recent (2005) and projected (2016) levels of PM 2.5  and O 3  to 23 different 
emission sectors. They found that while emissions from the Power Plant and Mobile 
sectors contributed to the greatest number of premature deaths in 2005, the health 
burden from these two sectors would drop signifi cantly by 2016 (Fig.  15.6 ). A suite 
of federal and local air quality rules, they predicted, will have greatly reduced the 
level of PM 2.5  and O 3  precursors from these two sectors, in turn reducing the 
 associated incidence of health impacts. Taken together, these analyses suggest that 
the overall health burden associated with recent, and projected, levels of PM 2.5  and 
O 3  is substantial and that federal and state air quality policy continues to improve 
public health.    

  Fig. 15.6    Number of premature PM 2.5  and O 3 -related deaths attributable to seven broad classes of 
sectors in 2016 (thousands of premature deaths) (Reprinted with permission from Fann et al.  2013 , 
Copyright 2013, American Chemical Society) EGU = electric generating units       
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15.9     Outstanding Science Questions 

 The CAA is designed in such a way that Agency air quality policy can (and should) 
adapt to, and directly incorporate, new scientifi c fi ndings. Indeed, the move toward a 
multipollutant, risk-based approach and the focus on characterizing the burden of air 
pollution are each the direct result of advances in air pollution epidemiology, toxicology 
and human exposure studies. The following details several nascent areas of scientifi c 
research that is anticipated to directly infl uence future air quality policy. 

15.9.1     How Do Pollutants, and Species of Pollutants, 
Interact to Affect Population Risk? 

 A large and growing body of epidemiologic literature has sought to explain whether 
population risk to pollutants such as PM 2.5  can be best explained by individual 
chemical species (Rohr and Wyzga  2012 ; Zanobetti et al.  2009 ; Ito et al.  2006 ), 
seasons (Bell et al.  2007 ,  2009 ), or region of the U.S. (Davis et al.  2011 ). Other lit-
erature has explored whether the pollutant-risk relationship might be modifi ed, or 
mediated, by the presence of other pollutants or stressors. For example, researchers 
have hypothesized that elevated temperature can make O 3  more potent, such that 
populations exposed to O 3  in warmer climates may be at greater risk, with all other 
factors being equal (Ren et al.  2009 ). 

 Both the absolute and relative levels of air pollutants have changed over time. For 
example, the population-weighted levels of sulfate PM 2.5  represented roughly half 
of total PM 2.5  exposure in 2005, but are estimated to represent about a third of 
 exposure in 2017 (Fig.  15.7 ). Changes in the absolute, and relative, levels of 
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 pollutants such as these may affect the fi ndings of epidemiologic studies and may 
affect the fundamental interaction—chemically and physiologically—between pol-
lutants. Hence the relative “potency” of the pollutants in the atmosphere may differ 
 according to the mix; this may have regional implications as source contributions 
vary from one locale to another. To the extent that risks vary by location, as well as 
pollutant mixture, states may want to account for this information when designing 
emission control standards to meet the NAAQS. Therefore, if the literature fi nds 
that risks can be explained by specifi c pollutant species, combinations of pollutants 
or stressors, or relative levels of pollutants, air quality policy will need to account 
for this new area of concern.   

15.9.2     To What Extent Do Certain Population Groups 
Respond to Air Pollutant Exposure Differently? 

 The literature has increasingly found that certain population groups respond to air 
pollution exposure to a greater degree than others. While there are not yet univer-
sally agreed-upon population attributes that constitute susceptibility or vulnerability 
(Sacks et al.  2011 ; American Lung Association  2001 ; Kleeberger and Ohtsuka 
 2005 ; Pope and Dockery  2006 ; Porta  2008 ), the empirical literature points to a 
 number of factors that might increase the baseline level of risk to an individual: life 
stage; baseline exposure to pollution; genetic markers; obesity; compromised 
 baseline health status; and, socio-economic status (SES). Moreover, the literature 
has suggested that air pollution may move populations from lower risk to higher risk 
over a lifetime (or less) of exposure. That is—repeated exposure to poor air quality 
may increase population frailty—thus making individuals more susceptible to 
future air pollution episodes, or other stressors. 

 These factors above are important to account for when both setting ambient air 
quality standards and characterizing population risk. When establishing NAAQS, 
the EPA determines whether the existing standard is suffi ciently protective to 
 sensitive population; further evidence suggesting that specifi c characteristics of 
these sensitive groups whose attributes place them at greater baseline risk can be 
used to inform the level and form of the standard.  

15.9.3     How Are Acute and Chronic Air Pollution 
Effects Related? 

 Risk assessments performed by EPA and others generally treat air pollution-related 
health impacts as though they occur—independently—not accounting for the 
 possibility that acute and chronic impacts may be directly related. For example, 
when estimating the number of avoided PM 2.5  and O 3 -related deaths and illnesses 
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for the Clean Air Interstate Rule, the U.S. EPA reported the number of avoided acute 
and chronic impacts attributable to improved air quality in 2014 (U.S. EPA  2005b ). 
This “pulse” approach to characterizing air pollution impacts does not account for 
the potential role that air pollution may have in both initiating and promoting acute 
and chronic diseases. Figure  15.8  illustrates the potential role that short- and long-
term exposure to poor air quality may play in air pollution-related premature deaths; 
air pollution may affect the occurrence (event) of death (“short term effects”) and/
or increase the underlying frailty in the population (“long term effects”), leading to 
a shortening of lifetime (Kunzli et al.  2001 ). In this fi gure, the deaths identifi ed by 
“A” are those whose underlying frailty (or susceptibility) was caused by air pollu-
tion, and for which air pollution caused the death. Future research may illuminate 
the role that air pollution plays in both initiating, as well as promoting, adverse 
health outcomes.    

15.10     Conclusion 

 Reducing or preventing air pollution impacts on health and the environment is a 
central goal for all whom either do basic health research associated with air  pollution 
or whom attempt to translate health science into policy. The science is fact- based 
and provides the intellectual structure upon which policy builds its argument 
that one approach or another to abatement or avoidance will have benefi ts in the 
real world. Historically, the science has been effects based, mostly descriptive but 
highly valuable for achieving seemingly clear-cut benefi ts. But as air pollution levels 

  Fig. 15.8    Conceptual diagram illustrating the relationship between short- and long-term PM 2.5  
exposure in contributing to the risk of premature death (Kunzli et al.  2001  by permission of Oxford 
University Press)       
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continue to decline, the persistent public health impacts of air pollution call for 
more innovative strategies, potentially a move away from the traditional pollutant-
by- pollutant approach to regulation. The science must embrace the complexities of 
the multipollutant real world and become less descriptive and more inquisitive, 
revealing essential truths that will fuel strategies for fi nding solutions and avoiding 
future problems. The CAA and the processes established in the regulatory science 
are fl exible enough to evolve with the advances in science. However, science must 
also anticipate the future analytical methods needed to support air quality policy. 
That future has challenges underscored by the need for a common understanding of 
the respective ground rules and limitations of both the policy maker and health 
scientist.     
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