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Abstract  The driving environmental factors behind the development of the asthma 
phenotype remain incompletely studied and understood. Here, we present an 
overview of inhaled allergic/atopic and mainly nonallergic/nonatopic or toxicant 
shapers of the asthma phenotype, which are present in both the indoor and outdoor 
environment around us. The inhaled allergic/atopic factors include fungus, mold, 
animal dander, cockroach, dust mites, and pollen; these allergic triggers and shapers 
of the asthma phenotype are considered in the context of their ability to drive the 
immunologic IgE response and potentially induce interactions between the innate 
and adaptive immune responses, with special emphasis on the NADPH-dependent 
reactive oxygen-species-associated mechanism of pollen-associated allergy induc-
tion. The inhaled nonallergic/nonatopic, toxicant factors include gaseous and vola-
tile agents, such as sulfur dioxide, ozone, acrolein, and butadiene, as well as 
particulate agents, such as rubber tire breakdown particles, and diesel exhaust par-
ticles. These toxicants are reviewed in terms of their relevant chemical characteris-
tics and hazard potential, ability to induce airway dysfunction, and potential for 
driving the asthma phenotype. Special emphasis is placed on their interactive 
nature with other triggers and drivers, with regard to driving the asthma phenotype. 
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Overall, both allergic and nonallergic environmental factors can interact to acutely 
exacerbate the asthma phenotype; some may also promote its development over 
prolonged periods of untreated exposure, or possibly indirectly through effects on 
the genome. Further therapeutic considerations should be given to these environ-
mental factors when determining the best course of personalized medicine for 
individuals with asthma.

Keywords  Acrolein • Adaptive immunity • Butadiene • Dust mites • Tire break-
down particles • Diesel exhaust particles • Innate immunity • NADPH oxidase 
• Ozone • Ragweed pollen • Reactive oxygen species • Sulfur dioxide

4.1  �The Relationship of Allergen Exposure to Asthma 
Prevalence, Triggers, and Phenotypes

4.1.1  �Seasonal Asthma and Allergen Prevalence:  
The Seasonal Asthmatic Phenotype

There has been a long-standing association between asthma and allergy in both 
children and adults. The link between asthma and certain indoor allergens, such as 
house-dust mite, animal dander, and cockroach, and the outdoor fungus Alternaria, 
has been extensively studied and is well recognized. However, those who are sensi-
tized to outdoor aeroallergens carry less risk for asthma. Yet, once development of 
aeroallergen sensitivity has been established, IgE-mediated reactions are a major 
contributor both to acute asthmatic symptoms and chronic airway inflammation 
(Lemanske and Busse 2010). Although sensitization to outdoor allergens poses less 
of a risk for asthma, studies have shown exposure to outdoor allergens such as grass 
and ragweed pollen has been associated with seasonal asthma. There are seasonal 
variations in asthma, with symptoms improving in summer, and symptoms worsen-
ing in fall and winter in the USA. This seasonal allergen exposure and subsequent 
sensitization has been implicated in asthma exacerbations and even in sudden 
asthma-related deaths (Sykes and Johnston 2008).

The NHANES (National Health and Nutrition Examination Survey), one of the 
landmark cohorts to study asthma, provided data on the importance of reactivity to 
certain aeroallergens and the subsequent effect on respiratory disease. The NHANES 
II, published in 1992, specifically presented which allergens are directly associated 
with asthma (Gergen and Turkeltaub 1992). The number of positive allergen skin 
prick tests correlated with the risk of asthma. Reactivity to any one allergen increased 
the risk of asthma by two to three times, except for Alternaria where the increased 
risk was almost five times. Although sensitization to Alternaria and house dust were 
the two allergens that provided the highest risk of developing asthma, there was also 
a positive correlation with ryegrass, ragweed, and oak (Gergen and Turkeltaub 1992). 
The NHANES III data, which resulted in 2007, revealed that often allergens tested 
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for, only cat, Alternaria, and white oak showed significant, positive associations 
with asthma after adjustment by the subject characteristics and all other allergens 
(Arbes et al. 2005). Although the NHANES II and III data concluded that many 
cases of asthma are attributable to atopy, the study did not discuss the seasonal 
impact of allergens on risk of asthma.

The Childhood Asthma Management Program (CAMP) is another landmark 
cohort that provided years of data on children with asthma. One purpose of the 
CAMP was to evaluate the relationship between sensitivity and exposure to inhalant 
allergens and pulmonary function and bronchial responsiveness in sensitized asth-
matic children (Nelson et al. 1999). Using allergy skin testing, house dust mite col-
lection, and determination of allergen exposure, the researchers concluded that only 
sensitivity to the indoor allergens dog and cat dander and the outdoor fungus 
Alternaria demonstrated significant increases in bronchial hypersensitivity (Nelson 
et al. 1999).

In addition to the NHANES and CAMP data, there have been many more studies 
in the USA that have examined the seasonal effect of allergens on asthma. One such 
study looked at the median weekly asthma admissions by age group to a hospital in 
Maryland from 1986 to 1999. The researchers concluded that asthma admissions 
increase four- to eightfold in the fall compared to the summer (Blaisdell et al. 2002). 
A study from 1986 established that the largest number of asthma admissions to a 
hospital in California occurred during the grass-pollen season (Reid et al. 1986). 
Recently, a study examined the effect of temperature and season on adult emer-
gency department visits for asthma in North Carolina. This study found that the 
number of ER visits for asthma peaked in February (when daily temperatures were 
coldest) and were lowest in July (when daily temperatures were warmest) (Buckley 
and Richardson 2012).

International studies have also revealed the same seasonal phenomenon. For 
example, one study looked at the hospital admissions for asthma in Malta. Analysis 
revealed a peak in January and a trough in August for both pediatric and adult hos-
pital admissions for acute asthma exacerbations (Grech et al. 2002). Another study 
in the Netherlands concluded that there was a decline in asthma symptoms and 
asthma medication use during the summer period and a peak during autumn to 
spring in pediatric patients over a 1-year time period (Koster et al. 2011). Another 
study revealed that in Taiwanese children aged 6–8, asthma and rhinitis peaked in 
winter, especially in December. However, they also found that children aged 13–15 
had two peaks (winter and summer) for asthma and rhinitis (Kao et al. 2005). In 
another study done in Taiwan, school-aged children had a sharp increase in the num-
ber of asthma admissions in September and March that synchronized with school 
reopenings (Xirasagar et al. 2006). An additional study from Taiwan revealed differ-
ences among adult and childhood asthma seasonality. Although the asthma-related 
hospital admission for adults remained low in summer and increased in winter, the 
researchers concluded that adult asthma hospitalizations were highest in spring and 
significantly correlated with air pollution and climate (Chen et al. 2006). In Australia, 
researchers have recently found that there is a clear relationship between increased 
risk of childhood asthma emergency room visits and increased levels of ambient 
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grass pollen (Erbas et al. 2012). In Canada, a study using a national data set com-
pared asthma hospital admission rates in cities with significantly different climates. 
They found that independent of season and air pollution levels, a doubling in basid-
iomycetes spore and pollen levels and grass pollen levels was associated with 
increases in daily asthma hospital admission rates (Dales et al. 2004).

In addition to the many studies revealing a seasonal effect on asthma exacerba-
tions, there is evidence that treatment of seasonal allergic rhinitis improves asthma 
symptoms (Grembiale et al. 2000; Jacobsen et al. 1997; Johnstone and Dutton 1968; 
Novembre et  al. 2004; Roberts et  al. 2006). Since outdoor allergen avoidance is 
challenging, specific immunotherapy (SIT) is used as a strategy for the prevention 
of development of allergic rhinoconjunctivitis and asthma. The Preventive Allergy 
Treatment study (PAT) tested whether SIT could prevent the development of asthma. 
This study also examined whether the clinical effects of immunotherapy persist in 
children suffering from seasonal allergic rhinoconjunctivitis caused by allergy to 
birch and/or grass pollen as these children grow up (Jacobsen et al. 2007). It was 
demonstrated that SIT reduced the risk of developing asthma in children suffering 
from allergic rhinoconjunctivitis. Results were validated at termination of treatment 
with SIT. Results were also seen at 2 years, 7 years, and 10 years after termination 
of treatment, indicating a long-lasting benefit of SIT as the children grow up.

Daily oral antihistamine therapy is another treatment modality for asthma associ-
ated with seasonal allergic rhinitis. Cetirizine is described to inhibit the recruitment 
of inflammatory cells (mainly eosinophils) in the bronchoalveolar lavage induced by 
bronchial allergen inhalation challenge (Redier et al. 1992). Data has shown a pro-
tective effect of antihistamine against bronchial hyperresponsiveness. A random-
ized, placebo-controlled study concluded that the use of cetirizine on a daily basis is 
a safe and effective method to relieve upper and lower tract airway symptoms in 
patients with allergic rhinitis and concomitant asthma (Grant et al. 1995). Another 
study suggests that cetirizine may be useful in patients with asthma associated with 
allergic rhinitis due to the fact that this antihistamine produces a significant protec-
tive effect against allergen-induced late-phase response (Aubier et al. 2001).

It is clear that there is a seasonal effect on the prevalence of asthma exacerbations, 
both in the USA and abroad. Research has revealed an increase in asthma exacerba-
tions during the fall, winter, and spring and has shown a decrease in asthma exacer-
bations during the summer. The causes of higher rates of asthma in the fall, winter, 
and spring include increased incidence of viral infection, increased prevalence of 
aeroallergens, and increased prevalence of air pollution. Interestingly, deaths from 
asthma that occur in the summer months have been hypothesized to be associated 
with higher levels of aeroallergens (Weiss 1990). And as stated above, there is sub-
stantiation that treatment of allergic rhinitis improves asthma symptoms.

It is difficult to elucidate whether the most significant factor affecting the sea-
sonal differences in asthma exacerbations is aeroallergen sensitization. Thus, much 
research is now being conducted examining the pathophysiology of allergic asthma. 
Mechanisms of IgE-mediated allergic responses within airways and respiratory 
epithelium can help further explain the seasonal asthmatic phenotype.
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4.1.2  �Mechanisms of IgE-Mediated Allergic Responses  
as an Asthma Phenotype Determinant

Asthma associated with allergic responses, referred to as allergic asthma, is char-
acterized by eosinophilic inflammation, airway hyperresponsiveness, and mucus 
hypersecretion (Suarez et al. 2008). It is a type I hypersensitivity reaction to an 
environmental protein such as pollen, dust mite excreta, or animal dander. The 
early response in asthma is immediate, occurring minutes to hours after an expo-
sure, and clinical manifestations can include wheezing, breathlessness, chest tight-
ness, bronchoconstriction, and nasal congestion (Verstraelen et  al. 2008). The 
late-phase asthmatic reaction occurs 4–6  h after the early-phase reaction and is 
characterized by chronic airway inflammation caused by ongoing airway constric-
tion, increased vascular permeability, enhanced airway hyperresponsiveness, and 
increased mucus secretion.

There is a strong causal relationship between asthma and allergens. It is now 
known that patients with asthma have higher serum-specific IgE antibodies and total 
IgE levels (Platts-Mills 2001). There are several early studies reporting the close 
correlation between serum IgE levels and asthma (Johansson and Bennich 1969; 
Kumar et al. 1971; Saha et al. 1975; Bryant et al. 1975; Burrows et al. 1989; Sears 
et al. 1991; Sunyer et al. 1995). In 1989, Burrows and colleagues reported a close 
link between serum IgE levels and asthma, concluding that “asthma is almost always 
associated with some sort of IgE-related reaction and therefore has an allergic basis” 
(Burrows et al. 1989). As stated above, many other studies have revealed elevated 
IgE levels correlating with both physician diagnosed asthma and physiologic evi-
dence of bronchial hyperresponsiveness. As a result, allergen-specific IgE testing in 
clinical practice is used to diagnosis asthma and to guide therapy.

The early asthmatic response is initiated when IgE binds to the high-affinity mast 
cell surface FcεI receptor, triggering mast cell and/or basophil degranulation thus 
resulting in the clinical manifestations of allergic disease, including narrowing of the 
airway. Thus, it is well known that elevated allergen-specific IgE levels in serum are 
a hallmark of allergic asthma. However, new data look beyond the simple causal 
relationship between allergy and asthma and suggest that it may be far more complex 
than originally thought. Several recent studies have suggested that antigen-specific 
memory T cells, especially CD4+ T cells, are vital in the late-phase asthmatic response. 
CD4+ T cells promote airway hyperresponsiveness and inflammation via secretion of 
Th2-type cytokines such as IL-4, IL-5, and IL-13 (Mizutani et al. 2012). This exacer-
bated T helper type 2 cytokine production provides the immunologic basis of atopic 
sensitization and response to allergens (Langier et al. 2012). Interestingly, IgE also 
has been shown to induce production of these Th2-type cytokines in mice, leading to 
the development of airway hyperresponsiveness and inflammation, which are charac-
teristic of chronic asthmatic responses (Mizutani et al. 2012).

Due to the strong correlation between IgE and allergic asthma, treatment with an 
anti-immunoglobulin E monoclonal antibody, omalizumab or Xolair, has become 
an option for those adults and children over the age of 12 with moderate-to-severe 
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allergic asthma in which inhaled corticosteroids have been ineffective. Omalizumab 
works by interrupting the asthmatic response at its initial step when IgE binds to the 
high-affinity mast cell surface FcεI receptor. By reducing free IgE and the binding 
to its receptor, there is a decrease in allergen processing and presentation to Th2 
lymphocytes, along with a decrease in Th2 cell differentiation and thus a lower 
expression of cytokines.

In addition to Th2 responses playing an important role in allergic asthma, recent 
evidence has revealed that other mechanisms, such as Th1 and Th17 responses, 
have been implicated in the immunological and clinical phenotype of allergic 
asthma (Kerzel et al. 2012a; Langier et al. 2012; Mizutani et al. 2012). Much of the 
data on the role of Th17 immunity in the allergic response are derived from animal 
models. However, IL-17 has been shown to be increased in human sputum, blood, 
and bronchoalveolar lavage fluid (BALF) from adult and pediatric patients with 
allergic asthma (Kerzel et  al. 2012a, b; Mizutani et  al. 2012). One recent study 
evaluated whether Th17 cells (CD3+ CD4+ CD161+ CCR6+ lymphocytes) are 
increased in children with allergic asthma and whether they are correlated with 
disease activity. This study found that the proportion of Th17 cells in peripheral 
blood was significantly increased in children with allergic asthma. In addition, the 
study revealed a higher proportion of Th17 cells in patients with uncontrolled and 
partly controlled asthma versus well-controlled asthma (Kerzel et  al. 2012a). 
Another recent study found that the concentration of C3a in BALF is elevated in 
human patients undergoing a late-phase asthmatic response compared to nonatopic 
control patients. The researchers then looked at an IgE-sensitized mouse model and 
established that IgE mediates the increase of IL-17 + CD4+ cells in the lungs through 
C3a production. Because of this finding, they examined the effects of an anti-IL-17 
monoclonal antibody. The mAb reduced the late-phase asthmatic response, as they 
witnessed a reduction in airway resistance, airway hyperresponsiveness, and neu-
trophilic accumulation (Zhao et al. 2012).

4.1.3  �Pollen as a Critical Allergen Facilitator  
of the Asthmatic Phenotype

The exact mechanisms of allergic asthma have yet to be confirmed and continue to 
be researched extensively, as stated above. One area of investigation focuses on the 
interactions of particular allergens with the human respiratory epithelium. It is 
known that several cysteine and serine protease allergens function as Th2 adjuvants, 
thus explaining their role in asthma (Wills-Karp et al. 2010). For example, Der p 1, 
a cysteine protease, and Der p 9, a serine protease, both induce release of cytokines 
from human bronchial epithelium and respiratory epithelial cells (Röschmann et al. 
2009). Proteases from Aspergillus fumigatus induce IL-6 and IL-8 production and 
Pen ch 13, a serine protease from Penicilllum chrysogenum, induces prostaglandin-
E2, IL-8, and TGF-B1, from human airway epithelial cells (Röschmann et al. 2009). 
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In addition, removal of proteases from A. fumigatus, German cockroach frass, 
American cockroach Per a 10 antigen, Epi p1 antigen (from the fungus Epicoccum 
purpurascens) or Cur 11 antigen (from the mold Curvularia lunata) was reported to 
decrease airway inflammation and airway hyperresponsiveness in mouse models of 
allergic asthma (Wills-Karp et al. 2010).

Extracts from different pollen have been shown to induce cytokine release as 
well. A study was recently conducted examining Ph1 p 1, the major allergen of 
timothy grass Phleum pratense, and its role in IgE reactivity in allergic individuals. 
The aim of the study was to investigate whether Ph1 p 1 has the ability to activate 
human respiratory epithelial cells and whether this ability is protease dependent 
(Röschmann et al. 2009). The authors concluded that pollen grains in general func-
tion as allergen carriers and contain bioactive lipids that attract cells in allergic 
inflammation. Ph1 p 1 induces expression and release of IL-8, IL-6, and TGF-β in 
alveolar epithelial cells in vitro, without using a direct proteolytic mechanism 
(Röschmann et al. 2009). Using this pollen allergen in vitro model, we can further 
elucidate the pathogenesis of allergic asthma. IL-6 is known to be important in 
recruitment and activation of neutrophils. IL-8 is also known to recruit neutrophils 
and is a key chemokine in the attraction of monocytes and macrophages to sites of 
inflammation. Thus, the Ph1 p 1 allergen itself plays a vital role in perpetuating the 
allergic response in both early- and late-phase asthmatic reactions.

Other studies have demonstrated that in addition to releasing particular allergens, 
pollen extrudes bioactive lipids, or pollen-associated lipid mediators (PALMs), that 
then stimulate neutrophils and eosinophils in vitro (Plotz et al. 2004). Taking from 
this recent demonstration of pollen-derived lipid components being an important 
factor in the development of IgE-mediated allergic hypersensitivity, another study 
examined the ability of birch pollen extracts to affect maturation and cytokine 
release from human dendritic cells, therefore inducing Th2 responses (Traidl-
Hoffmann et al. 2005). The study demonstrated that an aqueous pollen extract from 
birch (Betula alba L.), or Bet.-APE, modulates the function of human dendritic 
cells, which induces Th2-dominated adaptive immune responses (Traidl-Hoffmann 
et al. 2005). A more recent study also examined the role of PALMs, specifically the 
E1-phytoprostanes (PPE1), and Bet.-APE in the enhancement of dendritic cell 
mediated Th2 polarization of naïve T cells. This study found that Bet.-APE strongly 
and dose dependently induces intracellular formation of cAMP. Incubation of den-
dritic cells with Bet.-APE leads to enhanced secretion of Th2-attracting chemokines 
such as CCL17 (Gilles et al. 2009). Because of the strong induction of cAMP and 
the strong Th2-polarizing effect of the birch pollen extract Bet.-APE both in vitro 
and in vivo, this study suggests that there must be additional bioactive substances 
contributing to this effect, thus indicating the need for future research in this area 
(Gilles et al. 2009).

For the first time in 2005, researchers investigated the role of NADPH oxidases 
in pollens and subpollen particles and their effect on allergic airway inflammation. 
A landmark study was published looking specifically at ragweed pollen extract, 
which contains NADPH oxidase activity, in the recruitment of inflammatory cells 
and the development of allergy. Looking at cultured epithelial cells and murine 
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conjunctiva, the study found that NADPH oxidases from the pollen extracts generate 
superoxides which in turn increase intracellular reactive oxygen species (ROS). 
The conclusion was made that ragweed pollen-induced oxidative stress is an inde-
pendent process of adaptive immunity. They also showed that inactivation of the 
pollen NADPH oxidase significantly decreased the accumulation of inflammatory 
cells into the conjunctiva (Bacsi et al. 2005). Since that study, the role of NADPH 
oxidase in allergic inflammation has been studied further and a two-signal hypoth-
esis for the induction of allergic inflammation has been proposed, with signal 1 
consisting of innate ROS, and signal 2 consisting of the classical pathway of anti-
gen presentation to T cells (Dharajiya et  al. 2008). The role of pollen-induced 
oxidative stress on the airway epithelium in mice has been extended further to 
include how pollen grain exposure triggers oxidative stress in dendritic cells and 
mast cells (Chodaczek et al. 2009; Csillag et al. 2010). This adds growing evidence 
to the fact that oxidative stress from pollen grains contributes to allergic airway 
inflammation.

4.1.4  �Adaptive vs. Innate Immune Responses: Contribution  
to Heterogeneous Asthma Phenotype

There are complex interactions between both innate and adaptive immune cells that 
lead to the symptoms of both the early and late-phase asthmatic response. The 
innate immune cells that may control allergic responses in the lung include phago-
cytic cells such as alveolar macrophages, dendritic cells, and neutrophils; non-
phagocytic leukocytes such as natural killer cells, mast cells, eosinophils, and 
basophils; and epithelial cells, specifically bronchial epithelial cells (Verstraelen 
et al. 2008).

Bronchial epithelial cells are involved in allergic airway inflammation by secreting 
cytokines and augmenting inflammatory cells (Suarez et  al. 2008). It has been 
shown that upon exposure to a particular allergen Dermatophagoides pteronyssinus, 
bronchial epithelial cells will produce the proinflammatory cytokines granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-8, and TGF-α, which all con-
tribute to allergic airway inflammation (Lordan et  al. 2002). Bronchial epithelial 
cells are also a source of thymic stromal lymphopoietin (TSLP) which is a cytokine 
that enhances Th2 responses. It has been shown that TSLP is abundant in the airway 
epithelium of mice and human subjects with allergic asthma (Suarez et al. 2008). 
TSLP can activate dendritic cells and mast cells to produce Th2 cytokines (Kool 
et al.2012; Suarez et al. 2008).

Alveolar macrophages are important in first-line defense, along with bronchial 
epithelial cells, against respiratory pathogens and allergens. They can attenuate the 
immune response in the lung, thus suppressing some of the clinical manifestations 
of allergic asthma (Suarez et  al. 2008). Although macrophages can have both 
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proinflammatory and suppressive functions in the lung, overall, evidence indicates 
that they tend to inhibit immune activation and inflammatory cell entry into the 
lungs after the inhalation of respiratory allergens (Verstraelen et al. 2008). Upon 
inhalation of an allergen, alveolar macrophages secrete substances such as TGF-β 
and prostaglandin E2, thus suppressing airway inflammation. However, it is shown 
that once these macrophages are sensitized to allergen, their ability to produce these 
anti-inflammatory mediators is diminished (Suarez et al. 2008).

Dendritic cells are involved in the pathogenesis of allergic asthma due to their 
role in the chemotaxis of T cells in ongoing inflammation (Verstraelen et al. 2008). 
It has been shown that dendritic cells can recruit Th2 cells at sites of inflammation 
during the late-phase asthmatic reaction. As stated above, dendritic cells can be 
activated by TSLP, thus enhancing the Th2 response, a step necessary in allergic 
sensitization. Dendritic cells have also been found to be involved in memory 
immune responses with regard to allergic disorders (Suarez et al. 2008).

Innate immune molecules like toll-like receptors (TLRs) and NOD (nucleotide 
oligomerization domain) -like receptors (NLRs) also play an important role in airway 
epithelial cells generating a response to a complex allergen. Respiratory epithelial 
cells express endosomal TLRs, which signal a series of adaptor proteins upon ligand 
attachment (Lambrecht and Hammad 2012). This results in the activation of NF-κB 
and the production of several proinflammatory cytokines, interferons, chemokines, 
prostaglandins, and defensins. In addition, activation of NODs, specifically NOD-1 
and NOD-2 in respiratory epithelium, results in MAPK and NF-κB-dependent pro-
duction of inflammatory mediators (Lambrecht and Hammad 2012).

4.2  �Gaseous, Volatile, and Particulate Environmental 
Triggers as Determinants of the Asthmatic Phenotype

4.2.1  �Small Gas Molecule Environmental Pollutant  
Triggers: Phenotype Shapers or Interactors?

�Sulfur Dioxide

General Characteristics 

Sulfur dioxide (SO2) exists as a colorless tri-atomic gas, having two oxygen atoms 
bound to each sulfur atom, through an alternating double bond that is shared by each 
of the oxygen atoms. It is also known as sulfurous anhydride or sulfur (IV) oxide 
and considered the active agent in antibacterial sulfating chemicals utilized in wines 
and other food products of fruit origin. Its pungent odor is characteristically 
described as that of rotten eggs, with a typical odor detectability threshold that aver-
ages approximately 2.5 ppm (Pohanish 2004). While SO2 is a relatively stable gas 
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when dry, in the presence of water, it can form sulfur acid (H2SO4) as shown in the 
following stoichiometrically balanced equation:

	 2 2 22 2 2 2 4SO H O O H SO+ + → 	 (4.1)

Sulfuric acid is highly corrosive (hence its classical name “oil of vitriol”) but has 
a number of commercial uses; therefore, its bulk production is necessary for clean-
ing products, fertilizers, and water treatment applications. However, sulfuric acid is 
also readily produced by a similar hydration reaction when SO2 gas comes in contact 
with rain in the atmosphere, producing the corrosive “acid rain” (Weathers and 
Likens 2006) that has been described since the Industrial Revolution, preceding, 
and into, the nineteenth century (EPA 2013). In a similar fashion, inhaled SO2 gas 
can form sulfuric acid when coming into contact with the hydrated surfaces of the 
nasal, oral, and pulmonary airways, which can result in local oxidative stress that 
may be important in the development or exacerbation of asthma (Lin et al. 2004; 
Peden 1997; Schwela 2000).

SO2 as a Hazardous Gas

SO2 gas is typically released when fossil fuels are either burned or processed. 
Examples are the burning of coal for energy, and production of gasoline from 
crude oil. SO2 is also released when certain metals are extracted from their 
crude ores such as copper (Lin et al. 2004). Thus, it is easy to imagine that work-
ers in commercial industries either manufacturing sulfuric acid from SO2, or 
engaging in processes in which SO2 is a byproduct, could be acutely exposed to 
toxic or even lethal levels of SO2. Accordingly, NIOSH stipulates the level of 
SO2 that is considered to be immediately dangerous to life or health (IDLH) as 
100  ppm (CDC 1995). However, a significant amount of SO2 is produced by 
diesel engines in agricultural equipment and other nonroad vehicles (Decker 
et al. 2003) and can therefore be a gaseous hazard that is readily present in areas 
not necessarily associated with commercial manufacturing and processing. Due 
to its toxicity, regulations and safety standards for SO2 have been put into place 
by governmental bodies such as the EPA and NIOSH, which typically stipulate 
an exposure concentration and time factor combination. For example, in 2010, 
the EPA replaced the existing primary SO2 standards with a new 1-h exposure 
standard, at a maximum level of 75 ppb. NIOSH standards of exposure accept-
ability vary from 5 ppm for 15 min of SO2 exposure, to 2 ppm for 10 h of expo-
sure, which are similar to that of OSHA, setting an acute permissible exposure 
limit (PEL) of 5 ppm over 8 h (NIOSH 2010).

SO2 as a Factor in Airway Dysfunction

With the presence of diesel engines in commercial vehicles, levels of gaseous SO2 
in polluted urban air can remain high, which can be problematic, given that since 
1971, the EPA primary standard has been 0.14  ppm for 24  h of exposure (EPA 
2012d), and given that the SO2 odor detection threshold (2.5–3.0 ppm) is above the 
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level at which SO2 is associated with breathing problems in asthmatics. In other 
words, asthmatics in those areas can be exposed chronically to SO2, without being 
aware of their exposure and the source of their airway dysfunction. Subsequently, in 
2010, the EPA revoked the 24-h standard, indicating that no level of SO2 beyond 
75 ppb for 1 h was acceptable (EPA 2012d). While acute high level exposures to 
SO2 gas can cause pulmonary edema and derangements of gas exchange at the level 
of the alveoli, acute exposures at levels as low as 0.1–0.5 ppm can induce broncho-
constriction and bronchospasm in asthmatics, whereas these symptoms are only 
seen at concentrations of 5–20 ppm in nonasthmatics (Lin et al. 2004; Peden 1997; 
Schwela 2000; “TOXNET: Hazardous Substances Data Bank (HSDB),” 2013). Of 
further interest, SO2 appears to intensify allergic responses to inhaled allergens (Cai 
et al. 2008; D’Amato et al. 2002), suggesting that it can synergize or amplify asthma, 
in those with significant atopy.

SO2 as a Phenotype Shaper or Interactor?

An interesting question about SO2 is whether it should be viewed as a long-term 
shaper of the asthma phenotype, or simply an acute interactor with other factors in 
the airway. Given the known toxicity of SO2 and its ability to readily form sulfuric 
acid in the presence of moisture, one could reasonably postulate that the oxidative 
stress response to inhaled SO2 due to the presence of an acidic irritant stimulus in 
the airway would be a most potent aggravating factor in promoting asthmatic symp-
toms. Thus, in considering SO2 as a shaper of asthma phenotype, the case of chronic 
insensible exposure to inhaled SO2, at levels below the odor threshold mentioned 
above, could be easily considered. For example, a person genetically predisposed to 
the development of asthma, e.g., one in which a familial diagnosis is present, might 
have long-term changes in their airway biology, including irreversible airway 
remodeling, which are only marginally managed by current asthma therapy rather 
than resolved or cured (Durrani et al. 2011).

At this time, the state of understanding of the progression of airway remodeling 
and its potential reversibility over time, as well as a lack of longitudinal data about 
long-term low-level SO2 exposure, do not currently allow certainty in assigning SO2 
the status of a persistent asthma phenotype shaper. While a number of studies have 
been done on SO2-associated hospital admissions and mortality (WHO 2000), and 
one study indicated minimal effects on lung function at a low exposure level 
(Lawther et al. 1975), it is not known whether persons chronically exposed to low 
levels of SO2 develop asthma at higher rates than those who are not exposed over the 
same period of time. Furthermore, it is not known whether those diagnosed with 
asthma associated with living in areas of chronic low-level SO2 exposure experience 
relinquishment of symptoms or are cured of asthma, when the chronic exposure is 
discontinued. Thus, SO2 may be an acute asthma phenotype shaper, but little is 
known about its effects on its long-term phenotypic influence on the disease.

As mentioned above, there is a significant amount of evidence that acute SO2 
exposure can play an interactive role in exacerbating asthma, and this role may be 
attributed to its ability to form sulfuric acid in the airway and possibly become a 
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trigger of oxidative stress. There may also be either a synergism or amplification of 
effects with the interaction of Th2 allergic inflammatory pathways in atopic asth-
matics that is also associated with production of ROS in the airway, which may 
potentiate bronchospasm and bronchoconstriction associated with asthma (Cai et al. 
2008; D’Amato et al. 2002; Lee and Yang 2012). In this context, it is interesting to 
consider that asthmatics have a deficiency of production of IL-10 in the airway 
(Borish et al. 1996), for reasons as yet unexplained, but which could be critical to 
the exaggerated effects of SO2 seen in asthmatics, but not seen in nonasthmatics, 
who are IL-10 sufficient. A question that remains unsolved is whether asthmatics 
are extraordinarily sensitive to the effects of SO2 because they cannot mount a sig-
nificant anti-inflammatory response, with a deficiency in the production of IL-10.

�Ozone

General Characteristics

Ozone (O3), also known as tri-oxygen, like SO2, is a tri-atomic molecule consisting 
of three oxygen atoms that share an alternating double bond, or traveling pair of 
electrons. The name ozone comes from a Greek word meaning “to smell,” which 
describes the characteristic bleach-like odor of O3, existing as a pale-blue gas, 
detectable at concentrations as low as 10 ppb, after lightning storms, and with func-
tion of some older toner-based printers and photocopiers, lacking ozone filters (EPA 
2012a; Morawska et al. 2009). As shown in the stoichiometrically balanced equa-
tion, below, O3 decomposes to simple diatomic oxygen (O2) within about 30 min, 
under standard conditions in the atmosphere (Solutions 2013); however, recent 
measures suggest half-lives as long as 1,500 min under less-disturbed conditions 
(McClurkin and Maier 2010):

	 2 33 2O O→ 	 (4.2)

O3 is naturally present in the stratosphere of the earth’s atmosphere, comprising 
the “ozone layer,” at distances that average about 20 miles from the earth’s surface, 
and which blocks a significant amount of the sun’s ultraviolet rays, even though the 
concentration of O3 in that layer is typically less than 10  ppm (Sci-Link 1995). 
Typically, naturally occurring O3 levels at the earth’s surface are negligible but can 
be significantly elevated locally with the burning of fossil fuels such as gasoline and 
diesel fuel. The action of sunlight on the combination of nitrogen oxides and vola-
tile organic compounds, which come from power plants, factories, and vehicles, can 
produce O3, and in large cities such as Los Angeles, O3 is a significant component 
of the smog layer (AQMD 2013; Linn et al. 1986). O3 is a more powerful oxidizing 
agent than O2 and can oxidize metals, other gases (e.g., nitric oxide), and olefin-
based polymers, and is the basis for its use industrially and commercially as a 
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disinfectant and antibacterial/antifungal in numerous applications, including water 
treatment, swimming pool cleaning, fabric treatments, and fresh fruit decontamina-
tion. A further interesting use of O3 is as a disinfectant in hospital surgical rooms, in 
which it is pumped into a sealed operating room (de Boer et al. 2006), to kill any 
remaining bacteria after surface cleaning.

Ozone as a Hazardous Gas

Considering its production with the burning of gasoline in motor vehicles, and its 
widespread commercial and industrial use, the possibilities for inhaled O3 exposure 
are potentially significant in certain populous urban locations. In fact, the amount 
of exposure to O3 in large cities has been considered to be a strong risk factor, as at 
least one study has shown a strongly elevated risk of dying of lung disease, in the 
cities of Los Angeles and Houston, both being in the top four population centers in 
the USA (Jerrett et al. 2009). Similar to SO2, the toxicity of O3 has resulted in regu-
lations and safety standards by government entities to protect the public health. The 
NIOSH IDLH for O3 is 5 ppm (one-twentieth of that for SO2), while the NIOSH 
REL and EPA PEL is 0.1 ppm (CDC 1994b). In 2008, the primary standard for 
ground-level O3 was stipulated by the EPA to be 0.075  ppm over 8  h (AQMD 
2013), but there has been recent desire since 2010 to reduce this even further, 
potentially as low as 0.060 ppm, due to concern for certain sensitive groups such as 
children and asthmatics, who may be affected at O3 concentrations as low as 
0.085 ppm (EPA 2010a).

Ozone as a Factor in Airway Dysfunction

O3 is considered to be a potent source oxygen-free radicals, or reactive oxygen spe-
cies (ROS), which carry extra electrons within their structures that can cause dam-
age to cell membranes, mitochondria, and DNA, leading to cell dysfunction (EPA 
2012c). Among the airway cells affected most are airway and alveolar epithelial 
cells, which bear the brunt of contact with inhaled O3, due to a lack of absorption of 
O3 at higher airway levels, owing to its poor water solubility. As a result, the epithe-
lial cells leak important enzymes and release inflammatory mediators into the air-
way, which can promote injury and the development of airway inflammation (Devlin 
et al. 1997). Furthermore, O3 can stimulate nociceptive nerve fibers, which can lead 
to stimulation of the cough reflex and bronchospasm (Devlin et al. 1997). O3 has 
been reported to increase the airway responsiveness of allergic asthmatics to inhaled 
dust mite allergen, measured as drops in FEV1 (Kehrl et al. 1999), indicating its 
potential to synergize with allergic asthma triggers to reduce lung function in atopic 
asthmatics. Thus, as a powerful oxidizing agent, inhaled O3 can result in significant 
oxidative stress within the airway, promoting bronchoconstriction, bronchospasm 
and asthma attacks, and even death (EPA 2012b) as shown in the Ozone Effects 
Pyramid in Fig. 4.1.
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Ozone as a Phenotype Shaper or Interactor?

Perhaps more so than SO2, O3 may be a stronger factor in determining the pheno-
type of asthma, due to its significant oxidant-associated toxicity and the promotion 
of intracellular DNA damage, even at exceedingly small concentrations (Ferng et al. 
1997; Steinberg et al. 1990). For example, it is conceivable that if the site of DNA 
damage were genes controlling the inflammatory response or bronchial hyperre-
sponsiveness, that an individual could become compromised in the ability to resolve 
inflammation resultant of exposure to other asthma triggers. Interestingly, one study 
indicated that nitric oxide (NO) could act to repair DNA strand breaks associated 
with O3 exposure in human bronchial epithelial cells in culture, which suggests a 
potential endogenous defense mechanism against the genotoxic effects of O3 (Cui 
et al. 2011).

However, it is not currently known to what level of alteration that chronic O3 
inhalation can modify airway cellular function and phenotype. Thus, it is reasonable 
to expect that chronic O3 exposure and its attendant oxidative stress would lead to 
subsequent long-term modifications that are perhaps manifest in irreversible air-
way remodeling, consequent diminution of lung function, and the development 
of sustained difficult-to-treat asthma, or potentially, chronic obstructive lung dis-
ease (COPD). As in the case of SO2, it remains open to speculation and further 

Fig. 4.1  The pyramid of airway effects associated with ozone inhalation. The relationship between 
the severity of the effect (topmost is most serious) and the proportion of the population experiencing 
that effect (greater width at base indicates larger segment of people) can be represented as shown. 
Many individuals experience the least serious, most common effects shown at the larger bottom of 
the pyramid, whereas fewer individuals experience the more severe effects such as hospitalization 
or death, as shown at the smaller top of the pyramid. Modified from US EPA (2012c)
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research, as to whether the inability to mount a significant IL-10-driven airway anti-
inflammatory response in asthmatics is a predisposing factor toward allowing 
chronic O3 exposure to shape toward a moderate-to-severe asthma phenotype. This 
consideration may be even more important, when one considers that the deleterious 
effects of O3 on lung function become more pronounced with aging (Devlin et al. 
1997), which would fit with the idea that prolonged low-level exposure to O3 could 
lead to irreversible changes in lung function, particularly in asthmatics. Clearly, 
given the prominence of O3 in populous urban settings, and its potent effects in 
promoting DNA damage, further research is necessary to determine the potential of 
O3 to be an asthma phenotype shaper over the lifetime of an individual.

The characteristics of O3 that make it a powerful oxidant also make it a strong 
interactive agent that can acutely magnify the effects of other triggers, in people 
with asthma. The ability of O3 to acutely amplify allergen-associated decre-
ments in lung function (Kehrl et al. 1999) bears consideration, in this regard. 
Moreover, the fact that asthma ED and hospital admissions were highly posi-
tively correlated to estimated O3 exposure, only during warmer months (Burnett 
et al. 1994), when the action of sunlight on nitrogen oxides and volatile organic 
compounds would be expected to be more effective in producing inhalable O3, 
further supports the idea that O3 can be an important interactive factor in the 
exacerbation of established asthma. Thus, in the case of O3, there are reasons to 
believe that its potency and presence in our lives makes it a factor to be strongly 
considered as both a long-term asthma phenotype shaper requiring more global 
efforts toward its reduction, as well as an interactive factor requiring acute ther-
apeutic strategies and attention.

4.2.2  �Volatile Environmental Pollutant  
Triggers: Phenotype Shapers or Interactors?

�Acrolein

General Characteristics

Acrolein, also known as propenal, and acrylic aldehyde, is a highly electrophilic 
unsaturated aldehyde, which, similar to the toxic gases SO2 and O3, has a double-
bonded oxygen within its molecular structure and is a powerful oxidizer (Garg 
2001). As an oxidant, acrolein finds use as a water-treatment algaecide and herbi-
cide in canals, irrigation systems, and other low-flow water settings, as well as in the 
oil drilling industry (Arntz et al. 2007; Faroon et al. 2008). Acrolein typically exists 
as colorless or pale-yellow liquid but has a characteristic “acrid” smell; hence, its 
name, and it is formed with high heating of cooking oils (Bein and Leikauf 2011). 
Although toxic as a chemical irritant, the World Health Organization has recom-
mended an oral acrolein intake of up to 7.5 mg/day per kg body weight, and typi-
cally fried foods result in acrolein intake levels below that threshold (Abraham et al. 
2011). Acrolein is a product of many sources of incomplete combustion, including 
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wood burning, and is also present in significant quantities in cigarette smoke 
(Stevens and Maier 2008), being inhaled by smokers, but also as sidestream, sec-
ondhand, and environmental tobacco smoke, inhaled by nonsmokers (Bein and 
Leikauf 2011).

Acrolein as a Hazardous Compound

Acrolein is a contact irritant of the eyes, skin, and nasal mucosa, as well as the lower 
airways (Ghilarducci and Tjeerdema 1995). In humans, acrolein exposure experi-
ments with 0.6–8.0 ppm over time intervals of 1–5 min, produced from slight eye 
irritation at low concentrations and early times, to profuse lacrimation at higher 
concentrations and later times (Darley et al. 1960; Henderson and Haggard 1943; 
NRC 1981; Sim and Pattle 1957). Thus, the NIOSH Recommended Exposure Limit 
(REL) and OSHA PEL for acrolein are 0.1 ppm over 8 h, and the IDLH is 2 ppm 
(CDC 1994a). However, the Office of Environmental Health Hazard Assessment 
(OEHHA) of the State of California EPA has recommended even lower standards as 
of 2008, with an acute REL of 1.1 ppb, an 8-h REL of 0.3 ppb, and a chronic REL 
of 0.15 ppb (CDC 1994a). As mentioned above, acrolein is a prominent component 
of cigarette smoke, but as pointed out by Bein and Leikauf (Bein and Leikauf 2011), 
it is of considerable interest that acrolein concentrations in sidestream smoke can be 
as much as 17 times higher than concentrations in mainstream smoke, due to the 
differences in combustion chemistry as a function of temperature. This apparent 
concentration of acrolein in sidestream cigarette smoke would indicate that it is a 
significant hazard for nonsmokers who find themselves in the presence of smokers, 
provoking insensible and undesirable effects in their lungs that could exacerbate or 
drive the development of asthma.

Acrolein as a Factor in Airway Dysfunction

It bears notice that acrolein is clearly viewed as a potently hazardous toxic agent, 
which makes investigation with applied acrolein exposure in humans difficult, in 
part due to ethical considerations. There is a significant amount of animal study data 
that is suggestive of the potential effects of acrolein in the human airway, but which 
is outside the focus of this review. Thus, it has been acknowledged that there are no 
in vivo experimental human studies demonstrating acrolein effect on airway func-
tion and the development or exacerbation of asthma (Bein and Leikauf 2011; 
OEHHA 2001), which remains problematic for our full understanding of its effects 
in humans.

While human data about acrolein administration or exposure as a factor in air-
way dysfunction is scant, there are some indirect studies in humans and human tis-
sues and cells, which indicate its potential for effects. It is of interest, for example, 
that comparisons of inhaled and exhaled cigarette smoke in humans demonstrate a 
nearly total removal of acrolein into the airways, particularly into the lower airways 
(Moldoveanu et al. 2007). As reviewed by Bein and Leikauf (2011), such indirect 
studies have also shown that acrolein can interact with a variety of cell structures, 
including the membrane, cell proteins, and nucleic acids, which substantiates 
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expectations based on its oxidative characteristics. In agreement with these expecta-
tions, it has been reported that acrolein at a low concentration of 5 μM induces 
heme-oxygenase 1 (HO-1; a.k.a. heat-shock protein 32, an indicator of cell stress 
and inflammation) expression in cultured A549 cells (an alveolar basal epithelial 
cell line of human origin), but that higher concentrations considered cytotoxic, at 
25–50 μM, decreased HO-1 expression (Li et al. 1997). Interestingly, acrolein was 
also shown to inhibit NF-kappaB activity in cultured human BAL macrophages, 
suggesting that acrolein may suppress pulmonary host defense and the ability to 
mount and resolve a proper inflammatory response (Li et al. 1999; Li and Holian 
1998). Overall, data such as those above support that higher dose exposures of acro-
lein may promote human lung injury, while lower dose exposures may represent 
risk factors for the development of chronic pulmonary diseases associated with air-
way inflammatory processes such as asthma and COPD (Bein and Leikauf 2011).

Acrolein as a Phenotype Shaper or Interactor?

Based on the lack of data in humans mentioned above, it remains difficult to confi-
dently assign acrolein a role of phenotype shaper in humans with lung diseases such 
as asthma and COPD. One contributory problem is that no specific long-term stud-
ies on acrolein exposure in humans exist from which data are available to better 
understand its progressive effects. However, given its known presence in cigarette 
smoke, acrolein would seem to be a strong candidate as a chronic toxicant that could 
strongly influence the remodeling of the airways in smokers. It also stands to reason 
that acrolein may be a significant causative agent of lung pathology and dysfunction 
for people who consistently inhale sidestream smoke in the presence of smokers. 
Finally, its presence in second-hand and environmental tobacco smoke would also 
make it a potential candidate for the shaping of phenotype in those instances as well.

Given the fact that acrolein is a powerful oxidizer and mucosal irritant, it is 
apparent that it could easily be considered to be an interactor, or perhaps an agent 
that amplifies, or possibly even triggers, acute upper and lower airway responses in 
asthmatics. Again, the fact that atopic asthmatics can have an immune overresponse 
to certain allergic triggers such as pollen and dust, and a lack of inflammatory 
response resolution due to a lack of IL-10 production in the airway, one could imag-
ine that the irritant and oxidative properties of acrolein would amplify those effects, 
if acrolein exposure occurred in a sensitized and untreated, or undertreated asth-
matic. Recent evidence collected in human cell cultures, in vitro, suggests that acro-
lein may act through noncanonical signaling pathways to exert its effects in the lung 
(Verstraelen et al. 2009), suggesting that further work is warranted in determining 
the nature of those pathways. Acrolein has also been reported to increase ROS gen-
eration and degranulation in mast cells (Hochman et al. 2012), an important cell 
determining airway responses to allergic triggers (Krishnaswamy et  al. 2001), 
which was moderated by administration of antioxidants (Hochman et al. 2012), sug-
gesting yet another target of acrolein effects in the lung, and a possible therapeutic 
treatment for its effects. These interactions are likely complex, but all would seem 
to be predisposed toward positive synergism in the exacerbation of asthma.

4  Inhaled Environmental Allergens and Toxicants as Determinants of the Asthma…



60

�Butadiene

General Characteristics

Butadiene, typically referring to the form of 1,3-butadiene, also known as divinyl, 
is a conjugated diene which exists as a 4-carbon chain, with two double bonds origi-
nating at the 1- and 3-carbons of the chain (i.e., between each of the distal carbons 
and the next most proximal carbon, moving toward the center of the molecule), and 
having a total of six hydrogen atoms bound to the carbons; hence, its formula as 
C4H6. As a gas, it has a faint odor similar to gasoline that is discernible by humans 
at approximately 1–2 ppm (Amoore and Hautala 1983), just above the OSHA PEL 
(ATSDR 1992), making it relatively easy to discern potential acute exposure with-
out sophisticated measuring equipment. Butadiene is highly volatile and has a low 
water solubility, and when exposed to sunlight, butadiene gas degrades with a half-
life of under 2 h (ACC 1992). Historically, synthesis of butadiene polymers in mas-
sive quantities began just prior to World War II, in which they were used in the 
manufacture of tires for war vehicles and other rubber-based products (Herbert and 
Bisio 1985). This has continued through today, e.g., polybutadiene, a polymerized 
form, and styrene butadiene, a combination of styrene and butadiene, account for a 
major amount of the material in car tires currently manufactured, worldwide. 
Exhaust from gasoline-powered motor vehicles is a major source of butadiene in the 
external environment, whereas cigarette smoke is considered to be a major source 
of butadiene in the internal environment (ATSDR 1992). Also, with the burning of 
car tires, there are release of significant amounts of butadienes into the atmosphere 
(EPA 1997), which could pose problems for people living near scrap tire piles 
throughout the USA, and particularly those that run along the USA/Mexico border 
(EPA 2010b), in the case that uncontrollable fires were to erupt at those locations.

Butadiene as a Hazardous Compound

Butadiene typically exists as a colorless gas, which has importance for its potential as an 
inhaled toxicant because it cannot be seen, but it also has the dangerous characteristic of 
being highly flammable (ATSDR 1992) and is therefore a compound of concern regard-
ing general safety. It is known to be self-reactive (CDC 1992) and form polymers over 
time when stored in cylinders, which can subsequently rupture the cylinder and result in 
the release of butadiene gas into the environment and which can be problematic for the 
induction of acute inhaled toxic effects. Butadiene is listed by the EPA as a carcinogen 
and is also suspected to be a human teratogen, based on numerous studies, mainly in 
animals (EPA 2009). Similar to acrolein, definitive experimental and mechanistic data 
regarding the effects of butadiene in humans is relatively scant, due to its known acute 
toxicities. For example, acute butadiene exposure is known to cause mucous membrane 
irritation, typically at levels >10,000 ppm (CDC 1992; CGA 1999), but there are no 
experimental studies of chronic exposure of toxic levels in humans.

Butadiene as a Factor in Airway Dysfunction

While butadiene gas is considered by some to have low inhalation toxicity (CGA 
1999), its main route of exposure is through inhalation and its main effect when 
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inhaled is to produce sinus and mucus membrane irritation of the upper respiratory 
tract (Clayton and Clayton 1985). Furthermore, treatment recommendations for 
acute butadiene exposure in children who develop stridor call for administration of 
beta agonist aerosol to dilate the airways and relieve difficulty breathing (ATSDR 
1992). As a mucous membrane irritant, it would stand to reason that chronic low 
levels of inhaled butadiene could produce persistent effects such as irritation of 
sinuses and sore throat, but might be mistaken for common cold or allergy symp-
toms. However, little is known about airway effects with low level, chronic expo-
sures in humans, particularly in those with chronic airways disease.

Butadiene as a Phenotype Shaper or Interactor?

Under such conditions that an asthmatic might inhale butadiene, it would be 
expected that butadiene exposure would amplify true allergic symptoms, such that 
atopic asthmatics could be prone to enhanced sensitivities to common allergen trig-
gers, which could precipitate asthma exacerbations or attacks. The exposure of chil-
dren to inhaled butadiene, particularly those with asthma, is of some greater concern, 
as it is thought that they may receive larger doses than adults for a given environ-
mental concentration, due to children having higher surface area:body weight ratios, 
and greater minute volume:body weight ratios as compared to adults (ATSDR 
1992). This idea has been supported by a singular epidemiologic study by Delfino 
et  al. (2003), in which air samples positive for butadiene were associated with 
adverse effects on asthma in children.

Overall, the evidence for butadiene gas suggests that it is mainly an asthma interac-
tor, serving to exacerbate asthma symptoms, mainly through irritation of sinus mem-
branes and airways. There is not yet enough long-term evidence to determine whether 
butadiene gas induces an asthma phenotype, as few studies exist in this area. Additionally, 
unlike the case for SO2, as presented above, wherein effects on the airways can occur at 
levels beneath the odor detectability threshold, the acute toxicities for butadiene are 
mainly considered to be transient and avoidable, because the odor threshold is at, or 
beneath, the level at which toxic and irritant effects have been shown to occur.

4.3  �Particulate Environmental Pollutant Triggers: 
Phenotype Shapers or Interactors?

4.3.1  �Tire Breakdown Particles

General Characteristics

It has been estimated that over 80 % of respirable particulate matter (typically PM10; 
particles with a mean aerodynamic diameter of 10 μM or less) in urban areas comes 
from activities associated with motor vehicle transportation (Gualtieri et al. 2005a). 
Tire breakdown particles, or tire wear debris, have been shown to accumulate in sig-
nificant amounts near highways and urban high-traffic areas where motor vehicles 
travel, and it has been pointed out that the smallest-sized particles can be transported 

4  Inhaled Environmental Allergens and Toxicants as Determinants of the Asthma…



62

over relatively large distances of 18–30 m from the roadway (Wik and Dave 2009). 
Reports have indicated that a typical tire loses approximately 30 % of its rubber tread 
over its lifetime, and that up to 5 % of the resultant tire particulates are airborne, 
achieving particularly high concentrations in tunnels (Dannis 1974; Pierson and 
Brachaczek 1974; Saito 1989). The agents within tire breakdown particles that may 
have significant respiratory health effects include butadienes and other VOCs, latex, 
as well as some heavy metals, such as zinc (Adachi and Tainosho 2004).

Tire Breakdown Particles as a Hazardous Compound

The hazardous aspects of tire breakdown particles mainly relate to the known tox-
icities of their components. Thus, the health effects of butadiene, as outlined above, 
would be among those to be considered for tire breakdown particles, as well as 
those of other volatile organic compounds (VOCs) contained within them such as 
benzothiazole and n-hexadecane (Brown 2007; Ginsberg et al. 2011). While typi-
cally considered toxic in their volatilized gaseous forms, emerging evidence sug-
gests that the presence of VOCs in the form of inhaled particulates may be of some 
greater concern than previously thought (Brown 2007). For example, experiments 
in vitro with application of organic extracts of tire debris have been shown to 
increase cell mortality, DNA damage, and production of ROS in A549 human alve-
olar epithelial cells (Gualtieri et al. 2005b, 2008). Furthermore, animal studies have 
suggested the potential that zinc contained within tire wear products can exert cyto-
toxic effects (Gerlofs-Nijland et al. 2007).

Tire Breakdown Particles as a Factor in Airway Dysfunction

As mentioned above, butadiene would be one potentially toxic chemical agent 
within tire breakdown particles that might produce airway dysfunction through its 
irritant effects on sinus membranes and lower airways, which may promote the 
formation of mucus and subsequent bronchospasm, and difficulties breathing. 
However, in recent years, latex has been considered to be a potentially important 
agent within tire breakdown particles that may induce an allergic response within 
the airways that could promote airway dysfunction. While relatively inert in terms 
of chemical toxicity, latex is known to promote allergic reactions on the skin of 
individuals sensitive to it (Hamann 1993), and the latex protein has been shown to 
share immunologic cross-reactivity with mountain cedar and cypress pollen 
(Caimmi et al. 2012; Miguel et al. 1996). It has been further postulated that latex 
may also be an important protein allergen that can induce allergic responses within 
the airway (Eghari-Sabet and Slater 1993), and that there may be similarities 
between skin and airway sensitivities. Since the typical particulate size distribution 
of tire debris has been shown to range from 2.2 to 35.2 μm, with an average of 
6–7 μm (Williams et al. 1995), tire dust in the smaller size range would be easily 
inhalable by humans and could reach relatively far into the airways, especially if 
inspired by mouth. This has practical ramifications in heavily urbanized areas such 
as the case of Los Angeles some years ago, in which over 5 tons of rubber particulate 
<10 μm were typically released into the air on a daily basis (Cass et al. 1982).
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Tire Breakdown Particles as a Phenotype Shaper or Interactor?

Given the demonstration of significant amounts of tire debris particulates in the air, 
there has been concern that such inhaled particulates could be of relevance to asthma 
(Glovsky et  al. 1997), particularly for individuals living near high-traffic areas 
(Dockery et al. 1993), i.e., that car tire particulates may contribute to the develop-
ment of the asthma phenotype, potentially due to its role in the increasing numbers 
of asthma morbidity, mortality, and diagnoses over the past quarter century. In this 
case, tire breakdown particles could be potentially considered as asthma phenotype 
shapers from the perspective of long-term exposure to the compounds that make up 
those particles. More recent epidemiological studies have suggested that asthma can 
be worsened by increases in levels of PM10 (Donaldson et al. 2000), but also that 
anti-oxidants such as vitamin C and E may mitigate these effects (Canova et  al. 
2012) in the short term.

However, with the evidence regarding latex acting similar to an allergic trigger, 
one could also make the argument that small latex particles may act to exacerbate 
allergic asthma, and thus tire breakdown particles could be considered as interactors 
with the established disease of atopic origin. Interestingly, this would also be 
expected to hold true for the use of tire “crumbs” on synthetic turf surfaces used for 
sports, as those larger particles will eventually breakdown with use and wear, result-
ing in finer dust-like particulates that can be inhaled by athletes and associated 
athletic personnel (Brown 2007). Furthermore, this acute mechanism would also 
apply to the use of tire crumbs now commonly used in children’s playgrounds 
(Brown 2007). In all, the use of these products should be monitored to determine 
whether these potential health risks develop, as synthetic turf and playground pads 
have become the norm in recent years.

4.3.2  �Diesel Exhaust Particles

General Characteristics 

While tire breakdown particles constitute a significant portion of PM10 particu-
late load in the environment, diesel exhaust particles (DEP) constitute a signifi-
cant portion of the PM2.5 particulate load in the environment (particles with a 
mean aerodynamic diameter of 2.5  μM or less) (Wichmann 2007). These are 
considered to be fine particles, and as such, may pose an even greater risk to 
health, in part due to the ease, associated with their small size, with which they 
can be deposited in the smaller airways, and in part due to other toxicants that 
can be bound to them. However, it is also worth noting that a significant portion 
of DEP also comprises ultrafine particles, which are in the PM0.1 range (particles 
with a mean aerodynamic diameter of 0.1  μM or less) (Saiyasitpanich et  al. 
2006), which are beyond visual resolution of the naked eye and can be deposited 
all the way down to the alveoli.
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Diesel Exhaust Particles as a Hazardous Compound 

Similar to tire breakdown particles, the hazardous aspects of DEP mainly relate 
to the known toxicities of their components, and other toxicants complexed onto 
them. These components include: acrolein, butadiene, sulfur dioxide, and heavy 
metals, among others; essentially all of the environmental toxicants described 
above, as promoting and/or exacerbating the asthma phenotype. Based on a 
number of epidemiologic studies, DEP are conventionally considered to pro-
mote lung cancer (Wichmann 2007), although this concept has been disputed 
(Hesterberg et  al. 2006) and may be lessened in the years to come, with the 
adoption of new-technology diesel exhaust (NTDE) engines, which utilize low-
sulfur fuel and exhaust after-treatment such as particulate filters (Gerlofs-
Nijland et  al. 2007; Hesterberg et  al. 2006). However, there are many older 
technology diesel engines still in use in the USA and elsewhere; therefore, from 
present, it will possibly take another decade or two before this transition 
becomes more complete with vehicle fleet turnover (Blanchard et al. 2013) and 
will likely lag in time in developing countries.

Diesel Exhaust Particles as a Factor in Airway Dysfunction 

Initial experimental studies in humans under controlled conditions demonstrated 
that 1 h of inhalation of diesel exhaust increased trafficking leukocytes in BAL 
fluid, indicating an airways inflammatory response (Rudell et al. 1990). As pointed 
out by Salvi and Holgate (1999), early changes that herald the beginnings of the 
inflammatory process, as assessed in human-relevant animal models such as 
guinea pigs, have been shown to occur with diesel exhaust producing eosinophilic 
infiltration into the nasal airway epithelium and subepithelium (Kobayashi 2000). 
Those findings are consistent with more recent in vitro studies in human bronchial 
epithelial (BEAS-2B) and human small airway epithelial (SAECs) cells, which 
have indicated that DEP can components can lead to release of inflammatory cell 
markers and cell death (Schwarze et  al. 2013). In fact, ultrafine particles have 
been reported to induce proinflammatory mechanisms and oxidative stress in in 
vivo animal models, but it is worth noting that a number of those data were 
obtained form study of surrogate particles (e.g., carbon black) rather than ultrafine 
DEP themselves (Donaldson and Stone 2003) and that the exact causal relation-
ships between DEP and the development of diseases such as lung cancer and 
asthma have not yet been established (Hesterberg et al. 2006). The relatively large 
surface area of DEP is considered to be a major factor (Donaldson and Stone 
2003; Salvi and Holgate 1999; Wichmann 2007), but the precise relationship 
remains unclear and requires further research.

Diesel Exhaust Particles as a Phenotype Shaper or Interactor?

Due to their irregular shape and relatively large surface area, DEP can pick up pol-
len and other allergenic agents, e.g., grass pollen allergen Lol p 1 (Knox et al. 1997), 
potentially making it a double-hit, or possibly even a triple-hit threat, where the 
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asthma phenotype is concerned. Intranasal coadministration of DEP with allergen 
in atopic rhinitic humans resulted in a 50-fold increase in allergen-specific IgE 
(Diaz-Sanchez et al. 1997), supporting this concept. There is evidence in animal 
models that are likewise supportive of this concept (Lee et al. 2013), and it has been 
pointed out that a number of studies suggest that DEP are associated with induction 
of the early and late phases of the inflammatory response in asthma (Pandya et al. 
2002). Thus, diesel exhaust mitigations such as particulate filters could conceivably 
lessen the impact of allergic factors on inhaled DEP. Even so, it seems apparent that 
DEP can be considered to be asthma phenotype interactors from the perspective of 
the combined nature of particulate/surface area effects, complexed volatile toxi-
cants, and attached allergens, that make up the totality of the DEP that might be 
typically inhaled by a person in the environment. In this way, DEP could be consid-
ered the perfect storm of deep lung administration of environmental factors that can 
interact and exacerbate existing asthma.

However, some results of mouse studies (Hougaard et al. 2008) suggest that it is 
conceivable that with prolonged, and possibly early lifetime, or perhaps in-utero 
exposure, that DEP may promote early disposition to inflammatory effects at the 
molecular and cellular level, which can be considered precursors to later adverse 
respiratory health outcomes (Ristovski et al. 2012). For example, epigenetic modi-
fications can occur with repeated exposures to environmental agents, both aller-
genic and toxicant, over time, that may be important in determining the risk and 
health outcomes of individuals (Ho et  al. 2012) and subsequently have a strong 
impact on their disease phenotype. In this way, DEP could also possibly be consid-
ered as asthma phenotype shapers, if exposure is chronic and life-long.

4.4  �Summary

In summary, both allergic and nonallergic/toxicant factors can interact to acutely 
exacerbate the asthma phenotype; some may also promote its development over 
prolonged periods of untreated exposure. These interactions can include double- 
and triple-hit combinations such as allergen + toxicant + particulate effects, which 
may at least be additive or could possibly be synergistic, producing profound exac-
erbations. Figure 4.2 illustrates this potential, within a continuum of asthma devel-
opment, induction, and exacerbation.

However, of more recent consideration, is the possibility that allergen exposures 
and toxicants (i.e., irritants and promoters in Fig. 4.2) may have direct effects on the 
genome, which may shape the asthma phenotype and increase susceptibility to the 
subsequent induction and development of asthma, along the continuum of mild to 
severe. Furthermore, as mentioned above, there may also be cross-reactivities that 
may be genetically promoted, which might need to be accounted for, in the determi-
nation of treatment options for asthma, in the future. Further research is necessary 
to better delineate and understand the effects of combined environmental allergens 
and toxicants on the determination of the asthma phenotype.
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