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The occurrence of asthma and allergic diseases has continued

to increase in the United States and worldwide, despite general

improvements in air quality over the past 40 years. This

observation has led many to question whether air quality is

truly a significant risk factor in the development and

exacerbation of asthma and whether further improvement in

air quality is likely to result in improved health outcomes.

However, epidemiologic studies have shown that levels of

pollutants of less than the current ambient air quality

standards still result in exacerbations of asthma and are

associated with other morbidities as well. Specific locations,

such as living near a roadway, might pose a special exposure

risk. Genetic factors almost certainly play a role in determining

susceptibility to pollutants, such as including those involved

with antioxidant defenses. The best studied of these in the

context of air pollution risks are glutathione-S-transferase

polymorphisms. Irrespective of whether pollutants contribute

to the development of asthma or the well-documented increases

in asthma results in more people having pollutant-induced

disease, poor air quality in many places remains a significant

problem for patients with asthma and allergic disease. A

number of public health, pharmaceutical, and nutriceutical

interventions might mitigate the effects of pollutant exposure

and deserve further study. (J Allergy Clin Immunol

2005;115:213-9.)
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Air pollution results in poor air quality that can affect the
entire population. Moreover, within the general popula-
tion, there are subgroups that have increased susceptibility
to the adverse effects of poor air quality. Such subgroups
include those identified by age (children or the elderly),
socioeconomic status, and the presence of diseases, such as
asthma and chronic obstructive pulmonary disease. Those
with specific genetic features might also be at increased
risk. Air pollutants are most commonly associated with
exacerbation of acute respiratory tract illnesses, such as
exacerbation of asthma or hospital admission for chronic
obstructive pulmonary disease.1,2 Chronic exposure to
pollutants has been linked to impairment of normal lung
growth and development of diseases such as asthma.1

Allergic airway disorders are defined by the presence of
IgE-mediated response to allergens and the resultant
eosinophilic airway inflammation. However, another car-
dinal feature of allergic airway disease is also increased
response to a number of agents that do not require IgE-
dependent signaling. Environmental pollutants have been
shown to enhance primary TH2 responses to antigens, as
well as to exacerbate IgE-mediated responses to sub-
sequently encountered allergens. This reviewwill focus on
the effect of pollutants on airway diseases and IgE-
mediated responses.

EPIDEMIOLOGY OF AIR POLLUTANT
EXPOSURE AND ASTHMA

Epidemiologic studies of the effect of air pollution have
examined both the exacerbation of lung disease associated

Abbreviations used
ED: Emergency department

ETS: Environmental tobacco smoke

GST: Glutathione-S-transferase

NO2: Nitrogen dioxide

PM: Particulate matter

SO2: Sulfur dioxide
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TABLE I. Primary national ambient air quality standards, United States

Carbon

monoxide Lead NO2 Ozone

Sulfur

oxides PM10

PM2.5

(1997 proposed

standards)

9 ppm

(8-h average)

1.5 mg/m3

(quarterly average)

0.053 ppm

(annual mean)

0.08 ppm

(8-h standard)

0.14 ppm

(24-h mean)

50 mg/m3

(annual mean)

15 mg/m3

(annual mean)

35 ppm

(1-h average)

0.12 ppm

(1-h average)

0.03 ppm

(annual mean)

150 mg/m3

(24-h mean)

65 mg/m3

(24-h mean)

Adapted from the US Environmental Protection Agency Web site: http://epa.gov/air/criteria.html.
with acute exposure to pollutants and the development
of lung disease or impairment associated with chronic
pollutant exposure. Air pollutants implicated in these
effects include those regulated by the US Environmental
Protection Agency under the Clean Air Act, including
nitrogen dioxide (NO2), ozone, and particulate matter
(PM; Table I),1 as well as other agents, including organic
carbon and volatile organic compounds.3-5 Monitoring of
these pollutants is conducted primarily at the state and
local level. These monitoring programs generally rely on
fixed monitoring stations, providing an overview of air
quality for a given area.1

For research applications, investigators frequently use
both regional monitoring data and data from personal
monitoring devices, in which an individual carries porta-
ble pollutant detection instruments (usually for ozone and
PM). Correlation between health and biologic outcomes
and pollutant levels is often much stronger with personal
monitoring data than with regional monitoring data.
Individuals exposed to outdoor pollutants for prolonged
periods of time will have a greater exposure burden than
those who spend the majority of the day indoors. Regional
monitoring alone might underestimate the exposure
burden of such individuals. Conversely, for regulatory
purposes, it should be noted that regional monitors are less
likely to overestimate pollutant levels because of con-
taminants derived from nonregulated sources (eg, indoor
sources of particles).

NO2 is an important component of indoor and outdoor
ambient air pollution, and oxides of nitrogen (NOx,
including NO2) are precursors for production of ambient
air ozone.6 Increased levels of NO2 in domestic buildings
are associated with respiratory symptoms (cough, wheeze,
phlegm, and report of bronchitis) in children.7-9 In 2004,
van Strien et al10 examined a cohort of infants living in
New England identified on the basis of having at least one
older sibling with asthma (suggesting increased genetic
risk for asthma in this cohort). One-time NO2 measure-
ments were made in the home, and symptoms were
monitored, revealing that infants exposed to more than
17.4 ppb NO2 had significantly increased risk for res-
piratory disease compared with those experiencing low-
level (,5.1 ppb) NO2 exposure. This finding is consistent
with a 2003 report by McConnell et al11 showing that
outdoor NO2 exposure is associated with bronchitic
symptoms in asthmatic children in Southern California.
Chauhan et al12 observed that increased indoor NO2
exposure was associated with increased severity of viral-
induced exacerbation of asthma. Together, these studies
and others show that NO2 is a risk factor for exacerbation
of asthma.

The effect of exposure to ozone on lung disease,
development, and asthma has been extensively studied.
Asthma and respiratory tract disease morbidity (emer-
gency department [ED] visits, hospitalizations, and rescue
medication use) are clearly associated with exposure to
increased levels of ambient air ozone.2 A notable risk
population for ozone-induced exacerbation of respiratory
illness is asthmatic children.1,2 In a study based in Atlanta,
White et al13 reported increased ED visits by school-
children for asthma when 1-hour ozone levels exceeded
0.11 ppm. Similar observations have beenmade inMexico
City and Los Angeles.1,14-16 A 2003 report by Gent et al17

involving 271 children in southern New England demon-
strated that levels of ozone less than the current 1- and 8-
hour ozone standards (0.12 and 0.085 ppm, respectively)
were associated with exacerbation of asthma in children
requiring chronic therapy for asthma. It is also likely that
ozone augments response to allergen. Delfino et al18

reported that when considered together, ozone concentra-
tion and fungal spore exposure are associated with asthma
exacerbations.

In addition to its effect on exacerbation of disease,
recent studies suggest that ozone might promote de-
velopment of asthma. A cohort of 3535 children with no
history of asthma from schools in southern California was
studied for up to 5 years.5 During this period, 265 children
received a newly recognized diagnosis of asthma. It was
observed that participation in outdoor sports (presumably
associated with increased minute ventilation) in areas of
increased ozone concentration was a risk factor for asthma
development relative to similar exercise in areas with low
ozone exposures. McDonnell et al19 prospectively studied
a cohort of 3091 adult nonsmokers. Over a 15-year
interval, new diagnoses of asthma by a physician occurred
in 3.2% of men and 4.3% of women. In the men (but not
the women) with newly diagnosed asthma, the 20-year
mean 8-hour average for ambient ozone levels was
a significant risk factor associated with new asthma
(relative risk of 2.09 for a 27-ppb increase in ambient air
ozone). These data suggest that long-term exposure to
ambient ozone is associated with development of asthma
in adult male subjects. In general, ozone exposure is
strongly associated with increased asthma morbidity, is

http://epa.gov/air/criteria.html
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TABLE II. Interactions between pollutant and allergen exposure: Effects of in vivo airway challenge to ozone, diesel

exhaust particles, and LPS on response to allergen in allergic volunteers

Observed effect of pollutant in human subjects Ozone DEP LPS

Response to recall eosinophilic response to nasal allergen challenge Increased Increased Increased

Immediate-phase response to inhaled allergen (PD20) Increased Unknown Increased

Effect on development of IgE response to a neoantigen Unknown Increased Unknown

Effect on local (airway) IgE levels Unknown Increased Unknown

DEP, Diesel exhaust particle.
a trigger for asthma exacerbation in summer months, and
has recently been associated with new diagnoses of
asthma.

As with gaseous pollutants, respirable PM (,10 mm in
size) is also associated with episodes of increased asthma
exacerbation.20 Increased ambient air particulate levels
have been linked to need for asthmamedication in a cohort
of asthmatic subjects studied in Utah.21,22 Hospitalization
because of increased asthma severity in Seattle was found
to occur in conjunction with increases in airborne PM.23

Similar observations have been made in other locations as
well, including Germany, the Czech Republic, Mexico
City, and others.24-26 Several studies, too numerous to
detail here, also show that occupational exposure to PM
components, including metals and biologic agents like
endotoxin, contribute to wheezing and asthma exacerba-
tion.2 These reports demonstrate the important role that
particulates could play in asthma morbidity.

Studies performed in the Utah Valley offer a unique
opportunity to link the effect of particulates to the work
activity of a local steel mill.21,22 That study examined the
occurrence of respiratory disease episodes (eg, asthma
exacerbation and hospital admission for respiratory com-
plaints) that took place during the year that the mill was
closed because of a labor dispute, as well as the years
before and after the strike. Respiratory morbidities and the
level of particulates were both markedly decreased during
the strike year, demonstrating a link between levels of
ambient air particulates and occurrence of disease exac-
erbation in asthma and bronchitis.

Particulates are also a significant problem in indoor
environments, with environmental tobacco smoke (ETS)
being perhaps the most significant remediable source of
indoor PM. Overall particle levels in homes without
smokers equals that found in ambient air, whereas levels
in homes with smokers are often several fold higher than
ambient air levels.1 Numerous case reports and studies
have suggested that ETS is an important factor in asthma
exacerbations. Ameta-analysis of 37 studies conducted by
the California Environmental Protection Agency con-
firmed the increased risk for asthma and wheezing in
children exposed to ETS. Maternal tobacco use is
associated with increased wheezing, reported asthma,
bronchial reactivity, and total and antigen-specific IgE
levels in exposed children.1,27 ETSmight contribute to the
development of allergic disease (including asthma), with
a number of studies supporting the idea that ETS enhances
atopy development in susceptible individuals.28-30 The
link between ETS and asthma exacerbation is even clearer.
Other indoor air contaminants likely contribute to asthma
exacerbation as well, including biologic agents like en-
dotoxin. Although endotoxin exposure in very early life
might protect children from the development of asthma,
asthma severity of persons already sensitized to allergens
correlates well with endotoxin levels in dust samples
recovered from their homes. Increased indoor humidity
levels, which would contribute to exposure to indoor
biologic agents (allergens, endotoxin, and fungal pro-
ducts) is associated with asthma severity.1

Another way to examine the effect of pollutants on lung
health is to assess the effect of exposure to specific sources
of pollutants and exacerbations of respiratory disease
(Table II). Gauderman et al31 studied 1759 ten-year-old
children from 12 Southern California cities until the age of
18 years and examined the effect of exposure to a number
of products of vehicle fuel combustion (ozone, NO2, acid
vapor, PM2.5 (PM ,2.5 mm in diameter), PM10 (PM
,10 mm in diameter), and elemental carbon) on lung
function. Of these, NO2, acid vapor, PM2.5, and elemental
carbon exposure were all significantly correlated to
decreased lung function. By using PM2.5 as an example,
the percentage of children with an FEV1 of less than 80%
of predicted value was 1.6%with exposure to nearly 5mg/
m3 air versus 7.9% with exposure of more than 20 mg/m3.
This level of impairment is similar to that found in the
children of smoking mothers.

Further evidence of the effect of vehicular traffic in
asthma is found in studies of the relationship of proximity
to a roadway on health measures. In a study of children
aged 5 years or less in Birmingham, United Kingdom,32

those admitted to the hospital with a diagnosis of asthma
were more likely to reside in a high-traffic exposure area
(.24,000 vehicles per 24 hours at the nearest segment of
main road) than either children admitted for nonrespira-
tory reasons (P , .02) or well children (P , .002), with
traffic exposure (vehicles per 24 hours) correlating well
with admission in those living less than 500 m from a road
(P , .006). Compared with well children, those admitted
for respiratory reasons were more likely to live within 200
m of a main road (P , .02).

In a German study33 a group of 7509 schoolchildren
were randomly selected to participate in a survey of traffic
exposure on asthma and allergy outcomes, with 83%
participating. Allergen skin testing, assessment of serum
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TABLE III. Interventions reported to decrease the effect of pollutants*

Intervention Ozone DEP LPS PM

Decreased exposure to

motor vehicle exhaust

Decreased ED hospital use by

asthmatic subjects

Unknown Unknown Decreased ED hospital

use by asthmatic

subjects

Decreased point source

emissions

Unclear Unclear Unclear Decreased ED hospital

use by asthmatic

subjects, decreased

death rates

Inhaled corticosteroids Decreased response to ozone by allergic

asthmatic subjects, no protection

in healthy volunteers

Ineffective

in one

study

Decreased response to

LPS by allergic

asthmatic subjects,

mild protection in

healthy volunteers

Unknown

Vitamins C and E Reports of protection from asthma exacerbation Unknown Unknown Unknown

Non-steroidal

anti-inflammatory

agents

Protection from immediate decrease in

lung function caused by ozone in both

asthmatic and healthy volunteers, not a

clear effect on allergic inflammation

Unknown Unknown Unknown

DEP, Diesel exhaust particle.

*Many items listed as unknown are currently under study, and existing current studies are inconclusive.
IgE levels, and lung function testing were conducted, and
traffic exposure was estimated on the basis of traffic counts
and an emission model that predicted soot, benzene, and
NO2 exposure. Traffic counts correlated with active
asthma, cough, and wheeze and, in children exposed to
ETS, a positive skin test response. Pollutant exposure was
also linked to cough, wheeze, and asthma. A case-control
study in Erie County, NY, in children aged 0 to 14 years
(n = 417 and n = 461, respectively) indicated that expo-
sure to high truck volume within a 200-m distance was
associated with increased risk for hospitalization because
of asthma.34 In USVeterans there is a reported 1.7 relative
risk of wheeze associated with living within 50 m of
a heavily traveled road compared with the risk among
those living more than 400 m from a road.35 Other health
outcomes, most notably myocardial infarction, have also
been associated with proximity to vehicular traffic.36

GENETICS OF AIR POLLUTANT RESPONSE

The immediate effect of air pollutants on airway
function in both healthy and allergic persons has been
extensively reviewed, and a full review can be found
elsewhere.1,2 However, in considering the genetics of
response to pollutants, a brief review of the phenotypes of
such responses is warranted. Ozone, NO2, and PM (or
various components of PM, including diesel exhaust
particles and endotoxin) have all been shown to induce
acute inflammatory responses in the airway and, in allergic
persons, acute eosinophilia as well. These pollutants have
also been shown to enhance immediate- and late-phase
responses to inhaled allergen. Of note, each of these
pollutants either acts as an oxidant or induces oxidant
responses from the host. Airway or plasma antioxidant
status has been associated with protection from the effect
of pollutant exposure. As might be anticipated from these
observations, genetic studies to date on the effect of
pollutants in asthma have focused on genes thought to
play a role in the inflammation or antioxidant protection,
with GST antioxidant genes having been the best studied
in human subjects in the context of air pollution.2

Antioxidants, such as ascorbate and uric acid, are
recovered from plasma and airway lining fluids and likely
serve to prevent extrinsically generated oxidants from
affecting surface tissues. Glutathione is an important
antioxidant and is an important component of intracellular
antioxidant defense mechanisms. Glutathione-S-trans-
ferases (GSTs) are phase II xenobiotic defense pathway
components and are central to protection from external or
intrinsically generated oxidants. Although glutathione is
thought of as an intracellular antioxidant and uric acid and
ascorbate are thought of as extracellular antioxidants, total
antioxidant capability of an individual almost certainly
involves complex interactions between glutathione, uric
acid, ascorbate, and other antioxidants, such as tocopher-
ols. At a genetic level, perhaps the best studied antioxidant
in the context of protection from environmental oxidants is
glutathione. Glutathione-S-transferase M1 (GSTM1) is
a member of the m family of GSTs. GSTM1 has a null
allele (GSTM1*0), which results in no protein expression,
with resultant decreases in antioxidant capability.
Approximately 40% of the population is affected by this
allele. Another GST of interest is GSTP1, in which the
single-nucleotide polymorphisms at the 105 position are
important.

GST genes play a role in lung growth, as shown in
a study of a large cohort of 1954 schoolchildren in
Southern California, in which children with the GSTM1-
null allele or a GSTP1 val105/val105 genotype have
decreased lung function growth over a 4-year period.37
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Studies of children in Mexico City have examined the risk
for asthma relative to lifetime ozone exposure. These
studies indicate that expression of GST proteins is an
important determinant of asthma severity. GSTM1-null
children with asthma have decreased lung function
associated with ozone exposure compared with those
who are GSTM1 sufficient. Interestingly, within this
group, if one also screens for a second antioxidant, SNP
(the Pro187Ser single nucleotide polymorphism for
nicotinamide adenine dinucleotide [phosphate] reduced:
quinone oxidoreductase [NQO1]), those with the Pro/Pro
allele genotype for NQO1 have significantly reduced
asthma risk ascribed to ozone exposure compared with
GSTM1-null children with otherNQO1 genotypes.38 Thus
although the GSMT1-null state is associated with risk for
ozone-induced asthma exacerbation, this risk might be
mitigated by other protective genes. These investigators
also studied the ability of dietary supplementation of
vitamins C and E to protect asthmatic subjects from ozone-
induced exacerbation of disease. Overall, there was
a significant protective effect observed in the entire group
of asthmatic subjects, but this effect was much more
apparent in those children with the GSTM1-null geno-
type.39

Diesel exhaust challenge and ETS have been shown to
induce production of IgE and, like ozone, act as adjuvants
for increased response to allergen. It has recently been
reported that the adjuvant effect of diesel exhaust on
response to ragweed challenge of the nasal airway is
greater in subjects having either the GSTM1-null or
GSTP1 I105 wild-type genotypes.40,41 Nuclear factor
erythroid 2-related factor 2, a regulatory nuclear factor
that activates phase II antioxidant pathways (including
GSTM1 expression), has also been found to protect
macrophages and epithelial cells from the adverse effects
of diesel exhaust particles, demonstrating the role of
GSTM1-related antioxidants in protection from the effects
of diesel exhaust.

In a Southern California study children with the
GSTM1-null genotype and born to mothers who smoked
during pregnancy also have increased occurrence of early-
onset asthma, persistent asthma, exercise-inducedwheeze,
need for rescue medication use, and ED visits for asthma
comparedwith childrenwith protectiveGST alleles or born
to nonsmoking mothers.42 A German study from a cohort
of 3504 children revealed that exposure to ETS was
associated with a markedly increased risk of asthma and
asthma symptoms in GSTM1-null individuals.43 GSTM1-
and GSTT1-insufficient children exposed to in utero ETS
were also found to have decreased lung function. Taken
together, these studies suggest that specific SNPs of GST
genes modulate the response of asthmatic subjects to
a variety of oxidizing air pollutants.

INTERVENTIONS (TABLE III)

Public health approaches to decrease air pollutants
have been shown to have a measurable effect on health
outcomes. One example of this occurred in concert with
the 1996 Olympic Games held in Atlanta. Coincident
with attempts by the local government to decrease ozone
generation caused by vehicle exhaust, there was not only
a decrease in summer ozone levels but also a significant
decrease in asthma morbidity noted during this time.44

Likewise, in Dublin, Ireland, a ban on bituminous coal
sales was implemented on September 1, 1990, to improve
air quality.45 In the 72 months after the ban, there was a
70% decrease in black smoke concentrations, a 5.7%
decrease in nontrauma death rates, a 15.5% decrease in
respiratory death rates, and a 10.3% decrease in cardio-
vascular death rates when compared with the 72 months
preceding the ban.

In addition to societal interventions, specific nutritional
and pharmacologic intervention might prove useful.
Antioxidants might prove to be very useful in preventing
adverse effects of environmental agents in asthma and
lung disease. Although not all studies agree, there are
a number of reports that suggest that antioxidants, such as
ascorbate and tocopherol, might be useful in preventing
ozone-induced lung responses.46-50 Exposure to pollu-
tants is linked to loss of antioxidants from the airway,51,52

and asthmatic subjects have been reported to have
decreased baseline airway fluid antioxidant levels.53

Samet et al54 found that combination therapy with
ascorbate and tocopherol prevented ozone-induced de-
creases in lung function in healthy volunteers who had
preceded supplementation with an antioxidant-depleted
diet. Trenga et al55 found that vitamin E and C pre-
treatment blunted acute bronchospastic response to sulfur
dioxide (SO2) challenge in persons who had been exposed
to ozone (using the SO2 as a replacement for methacho-
line). Studies cited previously in this review39,50,56,57

suggest that genetic factors might determine which asth-
matic subjects are better candidates for antioxidant supple-
ment therapy because those with GSTM1 deficiency
had better benefit from the effect of ozone. Animal studies
suggest that the thiol-based antioxidants N-acetyl-
cystein and bucillamine decrease the adjuvant effects of
diesel exhaust particles.58

Corticosteroids have also been shown to blunt the effect
of pollutants on airway inflammation in allergic asthmatic
subjects. The effect of SO2 and NO2 on allergen-induced
bronchial inflammation and NO2-induced nasal eosino-
philic inflammation in the airway is blunted by flutica-
sone.59 In allergic asthmatic subjects budesonide has been
shown to inhibit ozone-induced neutrophil influx but has
no effect on immediate changes in lung function.60

Corticosteroids have not been found to have any pro-
tective effect against ozone in healthy volunteers.60,61

Corticosteroids have also been examined in the context
of diesel exhaust particle and endotoxin challenge.
Topical fluticasone has little effect on diesel exhaust
particle–induced production of IgE or TH2 cytokines,
although equivalent doses did (as expected) inhibit
antigen-specific IgE and TH2 inflammatory responses
after ragweed allergen challenge in allergic subjects.62 In
healthy volunteers treatment with corticosteroids before
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inhalation challenge with endotoxin-rich grain dust ex-
tracts offers only mild protection from the typical in-
flammatory and bronchoconstrictive responses in healthy
volunteers.63 Our group reported that allergic patients with
mild asthma treated with inhaled fluticasone for 2 weeks
before challenge with 5 mg of nebulized endotoxin had
decreased expression of CD14 on airway monocytes
and macrophages immediately before challenge and a
significant inhibition of endotoxin-induced neutrophil
influx.64

COX inhibitors have also been studied in both allergic
asthmatic and healthy volunteers exposed to ozone. These
drugs have been found to decrease immediate effects of
ozone on lung function, with little effect on inflammation.1

Leukotriene modifiers have not been studied for their
potential antipollutant effects.

FUTURE DIRECTIONS

Clearly much remains to be learned by using systems
biologic, genomic, and epidemiologic approaches in
examining in vivo, cellular, and population responses to
pollutant stress. Antioxidants and regulators of inflamma-
tion are logical targets for investigation. Traditional
therapy that decreases chronic allergic inflammation,
such as inhaled corticosteroids, also protects allergic
asthmatic subjects (but not healthy individuals) against
the effect of challenge with air pollutants. Other anti-
inflammatory approaches have not been studied but might
hold promise for protection of asthmatic subjects from
pollutants. Genetic studies will be important to identify
persons at greater risk for pollutant-induced exacerbation
of lung disease and perhaps identification of specific
interventions that might be most appropriate for a given
individual.

Public health approaches to decrease exposure to air
pollutants can be implemented and are associated with
improved health outcomes. Decreased use of fossil fuels
is essential to decreasing ambient air pollutant levels.
Changes in design of the built environment (city and
neighborhood planning) that allows for easier use of mass
transit; pedestrian traffic to and from home, work, and
school; and use of telecommuting to decrease traffic might
all be useful in decreasing pollutant burden and environ-
mentally induced exacerbations of lung disease.
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