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Air pollutants and asthma
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Prevention of asthma occurrence and exacerbation requires attention to indoor and outdoor air pollution.
The aim of this paper is to describe common asthma-related pollutants in Taiwan, including nitrogen
oxides, sulfur oxides, ozone, particulate matter, formaldehyde and environmental tobacco smoke, and
to provide recommendations for reducing exposure to these pollutants. Such recommendations include
staying indoors, keeping windows and doors closed, and using air purifiers or high-efficiency particulate
arrestor air filters. Prohibition of smoking in indoor spaces can reduce the levels of indoor air pollutants.
Individuals with asthma should also avoid exertion outdoors when the levels of outdoor air pollutants

are high.
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Asthma

Asthma is a chronic inflammatory disease
of the airways. Airway exposure to allergens'"”
or non-allergic irritants (such as cigarettes and

) induces inflammation",

certain air pollutants
leading to chronic mucus plug formation, swelling
and deformation of the bronchiolar wall, airflow
obstruction and hyperinflation. Airway obstruction-
associated bronchial disorders are a feature of

asthma, accompanied by recurrent breathing

* Corresponding Author: Ruey-Hong Wong
Address: Department of Public Health, College of Health
Care and Management, Chung Shan Medical University, No.
110 Chien-Kuo N Rd., Sec. 1, Taichung, Taiwan 40242.
TEL: +886-4-24730022 ext 11790
Fax: +886-4-23248179
E-mail: rueyhong@csmu.edu.tw

difficulty (dyspnea) and bronchoconstriction
causing wheezing"®. These symptoms often occur
at night, early in the morning, or during vigorous
exercise.

Asthma epidemiology

Individuals with asthma should avoid exertion
outdoors when the levels of air pollutants are
high!”!. The prevalence of asthma varies widely
around the world, ranging from 1% to 18%"). It
is worth noting that asthma prevalence in some
countries is growing!"?. However, geographic
variation and growth trends cannot be fully
explained by genetic factors. In addition to the
burden of medical costs, patients with asthma
suffer a negative impact on quality of life. The
World Health Organization (WHO) has estimated
that the number of disability-adjusted life years
(DALYs) lost due to asthma worldwide is about 15
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million per year. Asthma accounts for around 1%
of all DALYs lost worldwide',

Asthma has a two-peaked prevalence curve
Childhood asthma is mainly provoked by allergy
and temporarily stops before adulthood, whereas
adult asthma due to hyperreactivity gradually
increases in prevalence until 60-70 years of
age. In Taiwan, the asthma prevalence among
schoolchildren was 5.1% in 1985, an increase
from 1.3% in 1974"*. Another investigation
found that asthma prevalence among elementary
schoolchildren in southern Taiwan rose from 6.5%
in 1993 to 8.5% in 1997\ Kao et al." noted
that the asthma prevalence of children in Taiwan
was 12.2% in 2002. Hwang et al."'” analyzed the
National Health Insurance Database from 2000
to 2007 and showed that the asthma prevalence
of the general population was 11.9%, but that the
prevalence among children and adolescents was
15.7% during that period.

The development of a standardized
questionnaire for the International Study of Asthma
and Allergies in Childhood (ISAAC) has allowed
for some international comparisons'*. From the
data obtained from the ISAAC questionnaire,
prevalences in Australia and New Zealand
are higher than in European countries; while
prevalences in European countries are higher than
in Asia. Countries with higher asthma prevalence
in children may also have higher prevalence
of people sensitized to pollen in their living
environment.

[13]

Environmental factors for asthma

The mechanism underlying the pathogenesis
of asthma is multi-factorial. In addition to
genetic factors, environmental factors play a very
important role in the occurrence of asthma. Possible
associated factors are: 1) Exposure to allergens
such as dust, cockroaches, pet dander, and mold
in the domestic environment™” and pollen in the
outdoor air'"”. 2) Exposure to air pollutants such as
nitrogen oxides (NOx), sulfur oxides (SOx), ozone
(03), particulate matter (PM), and formaldehyde.
Several studies have pointed out that the higher the
concentration of these substances, the higher is the

risk of asthma occurrence”***. 3) Smoking habit
and exposure to environmental tobacco smoke
(ETS). Cigarette smoke can cause respiratory
epithelial inflammation*", decrease the adherence
of epithelial cells, and increase detachment™.
Turnover of epithelial adhesion is a critical
contributor to airway remodeling in asthma®®.
4) Occupational exposure such as to dust in the
workplace. This can cause airway obstruction or
injury, resulting in airway inflammation”’**), 5)
Socioeconomic status and educational level of
the family. However, epidemiological evidence
is conflicting”*”. 6) Allergies to foods such as
seafood, eggs, milk, beans, and peanuts. Such
allergies have been indicated in childhood asthma
B30 7Y Viral respiratory infections””. Viruses can
enter macrophages and replicate in cells, causing
airway epithelial cells to produce a variety of
inflammatory mediators in response to infection.
An animal study found that recurrent infections
of respiratory syncytial virus in dust mite-
sensitized mice augmented hyperresponsiveness
and expression of immunoglobulin (Ig) E, which
are responsible for airway inflammation and
obstruction™.

Asthma-related air pollutants are present in
both indoor and outdoor environments. It is worth
mentioning that the onset of asthma may be more
relevant in the indoor environment, as people
spend a large proportion of their time indoors, such
as in the home, in the workplace or at school. In
contrast to the outdoors, there is a greater ability
to reduce specific indoor hazards. In the following
sections, we will introduce specific air pollutants
that are most relevant to asthma development in the
Taiwanese population, regardless of occupation.
Further, we will make recommendations for
preventing asthma occurrence.

Air pollutants

Some air pollutants can affect the development
of asthma. In general, individuals have little
control over the outdoor environment. Therefore,
asthma sufferers are recommended to stay indoors
in an air-conditioned environment, if feasible, or
to avoid exertion when specific pollutant levels are



high. Asthma-related air pollutants include NOx,
SOx, 03, PMP2"22, formaldehydcm], and ETS?*
>l People who live in urban and industrial areas
generally have a higher proportion of respiratory
symptoms, due to exposure to air pollution,
compared to those living in rural areas. SOx, O3
and acid aerosols are possible bronchoconstrictors.
Airway inflammation can be induced by inhalation
of low concentrations of pollutants. At high
concentrations, pollutants directly cause toxicity to
the respiratory epithelium. Altering of the immune
response can trigger allergic reactions in asthma
patients. In theory, air pollutants increase the risk
of asthma occurrence or enhance the severity of
asthma”?,

Furthermore, adverse health effects caused
by air pollutants may be additive®* without
the existence of a threshold””. Even low levels
of air pollutants can damage human respiratory
health. During a 3-year period, from 1987 to 1989,
Ponka™ studied the relationship between low levels
of air pollutants and hospital admissions among a
total of 4,209 asthmatic patients in Helsinki. After
adjusting for the effects of temperature, admissions
rates were associated with ambient nitric oxide
(NO), nitrogen dioxide (NO2), SOx, O3, and
particulates. Further regression analysis revealed
that NO and O3 are most strongly associated with
admission for asthma. In the following subsections,
we introduce the frequently reported air pollutants
relevant to asthma development.

Nitrogen oxides (NOx)

NOx include NO and NO2 mainly produced
from the reaction of nitrogen and oxygen during
high-temperature combustion. They have many
indoor sources, such as gas stoves, space heaters,
furnaces, and fireplaces””. Automobile exhaust
is the main outdoor source of NOx in most
urban areas*”. Other sources include industrial
and power plants. Evidence has shown that a
reduction in traffic density in a local region
decreases asthma morbidity, most likely due to
the lowering of NO2 exposure™*. Exposure
to NOx has been demonstrated to impair host
resistance to respiratory viruses and bacteria,
by weakening bacterial clearance and impairing
innate immunity™*!. However, studies of the
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relationship between NOx and respiratory health
have led to inconsistent results"**. A growing
number of studies have found a positive association
between indoor NO2 concentrations and asthma
morbidity**?*”, Ambient NOx has also been
suggested to be associated with the occurrence and
exacerbation of asthma, as well as the number of
asthma-related hospitalizations and decline in lung
function, especially among vulnerable populations,
such as children and the elderly®™ ™.

Given the uncertain relationship between NOx
and the occurrence of asthma, more research is
needed. For NOx control, general strategies include

source modification and ventilation™".

Sulfur oxide (SOx)

SOx is mainly formed by the combustion of
high-sulfur coal or oil. However, indoor sources are
not common, because SOx is rapidly adsorbed into
household surfaces. Thus, SOx exposure is mainly
due to ambient air pollutants in the household.
Earlier experimental evidence has shown that SO2
decreases lung function in asthmatic adults during
exercise”*®. Therefore, it is recommended that
asthmatic patients avoid outdoor exercise on days

when levels of air pollutants, including SOx, are
high®.

Ozone (03)

Ozone is a highly reactive gas that is generated
by photochemical reactions involving sunlight
on mixtures of NO2 and hydrocarbons from the
combustion of fossil fuels. Its major sources are
vehicular traffic and power plants. Sunlight and
hot weather can also increase ground-level ozone,
which is the major constituent of “summertime
smog”7.

Since O3 has limited solubility in water, it is
poorly absorbed by airway mucosa. Rather, it is
deposited in the terminal airway and alveolar tissue.
Ozone can react with epithelium lining fluid along
the whole airway and produce many diffusible
products such as formaldehyde, hydrogen peroxide
and free radicals which can cause toxicity”®. Such
toxicity is reflected in the cilia loss of airway
epithelial cells, damage to alveolar macrophages,
increases in edema and inflammation, and
impairment of lung function, resulting in
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weakening host resistance and higher susceptibility
to microbial infection. Epidemiological studies
have shown that exposure to ozone is associated
with reduced pulmonary function, increased
respiratory symptoms, increased medication use,
and increased risk of asthma exacerbation”*™.
Therefore, outdoor exercise or exertion should be
avoided when the O, level is high®™".

The level of indoor Oy is usually high only in
warmer months, which is largely influenced by the
penetration of outdoor O,"”. Although indoor O, is
uncommon, sources include negative air ionizers,
air purifiers, air-cleaning devices, and xerographic
copy machines'®”.

It has been shown that there is a significant
relationship between ambient O, level and asthma-
related morbidity® *. However, the association of
indoor O; and asthma morbidity has not been fully
studied. Indoor O; level can be reduced by keeping
windows and doors closed. Since O, is a highly
reactive gas, the O, level is generally much lower

: . 64
indoors than outdoors, even in peak O; season®”.

Particulate matter (PM)

PM comes from a variety of natural and
manmade sources. Natural sources include pollen,
spores, bacteria, plant and animal debris, sea salt,
and dust from the earth’s crust. Manmade sources
are the combustion by-products of factories, motor
vehicles, and power plants. In terms of indoor PM,
smoking is a significant contributor. Other indoor
sources include cooking fumes, wood-burning
stoves and fireplaces, as well as outdoor particles
that can penetrate the indoor environment'®”,

PM is characterized on the basis of particle size.
PM with a diameter of less than 10 pm (PM10)
can enter the respiratory system and PM with a
diameter of less than 2.5 pm (PM2.5) can reach
the alveoli. "Coarse particles" (PM2.5-10) that are
too large to involve the alveoli are deposited in the
proximal airway'®. In addition, PM often contains
high proportions of toxic metals and acid sulfide.
Therefore, special attention has been paid to the
harmful effects of PM®. Evidence from pediatric
asthma patients has revealed that higher levels of
indoor PM are linked to reduced lung function®*®”,
increased respiratory symptoms and increased use
of medication®. In particular, exposure to PM may
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cause irritation or provoke airway inflammation’®”.

Notably, the levels of PM in some indoor settings
are higher than in outdoor settings.

Smoking, frequent sweeping and stove use
can raise the levels of indoor PM"™*’!. Increased
ventilation by opening of windows and use of
(high-efficiency particulate arrestor [HEPA])
air filters can effectively prevent indoor PM
exposure”*’",

Formaldehyde

Increasing attention has been paid to the
relationship between formaldehyde exposure
and respiratory symptoms”>’?\, Formaldehyde
emissions occur in certain occupational settings, but
exposure via formaldehyde-emitting products in
the home such as particle board, urea formaldehyde
insulation, carpeting, and furniture, is common'”".
Importantly, long-term inhalation of formaldehyde
has been linked to asthma’*. Children may be
particularly sensitive to formaldehyde exposure.
Younger children may be even more vulnerable due
to the small caliber of their airways'”".

Evidence has suggested an association between
formaldehyde exposure and the development of
airway hyperresponsiveness and asthma'’>”>"",
Several possible mechanisms have been
proposed””: 1) Formaldehyde is a known irritant,
which can provoke transient decline in pulmonary
function. 2) Formaldehyde may be able to create
newly synthesized antigenic moieties, to induce
formation of specific IgE antibodies that cause
degranulation of mast cells. 3) Formaldehyde can
induce mucosal inflammation in airways.

Formaldehyde is released into indoor air from
construction materials and a variety of consumer
products'”’. Therefore, formaldehyde levels can be
reduced by 1) keeping the home well ventilated;
2) limiting the use of pressed wood or sealing
unfinished pressed wood products; and 3) washing
new clothes before wearing. It is worth mentioning
that formaldehyde is a component of tobacco
smoke and smoking in enclosed spaces should be
avoided””.

Environmental tobacco smoke
In addition to the common air pollutants, several
studies have suggested that indoor exposure to ETS



is associated with asthma symptoms in susceptible
individuals”®™. Importantly, gas-phase of cigarette
smoke contains 1020 oxidant molecules per puff'®”
that can cause airway epithelial inflammation".
Imbalance in oxidative and anti-oxidative
statuses might lead to increased permeability of
epithelial cells in individuals exposed to cigarette
smoke™". Moreover, cigarette smoke can decrease
the adherence of epithelial cells and increase
detachment™®. Air cleaners should be considered
if ETS exposure cannot be avoided as such devices
can effectively reduce PM generated from ETS.

Conclusions

The mechanism underlying the pathogenesis
of asthma is multi-factorial. In addition to genetic
factors, air pollution likely plays a key role in
the occurrence of asthma in Taiwanese patients.
Therefore, avoiding exposure to air pollutants is
crucial for the prevention of asthma. It has been
proposed that levels of air pollution below current
standards might still be unhealthy, particularly
for vulnerable populations, such as children and
individuals with respiratory disease. Therefore,
current regulations for several air pollutants
might be inadequate and should be reevaluated.
Importantly, the public health sector should
instigate an interdisciplinary approach to prevent
air pollution, by engaging with and supporting the
work of other sectors (i.e. transportation, housing,
energy, and industry) to develop and fulfill long-
term policies and programs aimed at reducing air
pollution and improving health. Here, individual-
level recommendations include reducing exposure
by staying indoors, keeping windows and doors
closed, and using air purifiers. In addition,
prohibition of smoking in indoor spaces can reduce
the levels of indoor air pollutants. Individuals
with asthma should avoid outdoor exertion when
the levels of outdoor air pollutants are high.
Future research on environmental and genetic
interactions should be conducted to help us to
further understand the mechanism involved in the
development of asthma.

References

Ruey-Hong Wong, Ming-Fuu Wang

1. Gaffin JM, Phipatanakul W: The role of indoor
allergens in the development of asthma. Curr
Opin Allergy Clin Immunol. 2009; 9:128-35.

2.Gent JF, Kezik JM, Hill ME, et al.: Household
mold and dust allergens: exposure, sensitization
and childhood asthma morbidity. Environ Res.
2012; 118:86-93.

3.Valsamis C, Krishnan S, Dozor AJ: The
effects of low-level environmental tobacco
smoke exposure on pulmonary function tests
in preschool children with asthma. J Asthma.
2014; 51:685-90.

4.Hansell AL, Rose N, Cowie CT, et al.: Weighted
road density and allergic disease in children
at high risk of developing asthma. PLoS One.
2014; 9:¢98978.

5.Georas SN, Rezaee F: Epithelial barrier
function: at the front line of asthma
immunology and allergic airway inflammation.
J Allergy Clin Immunol. 2014; 134:509-20.

6.Lowhagen O: Diagnosis of asthma--a new
approach. Allergy. 2012; 67:713-7.

7.Pawankar R: Allergic diseases and asthma:
a global public health concern and a call to
action. World Allergy Organ J. 2014; 7:12.

8.Masoli M, Fabian D, Holt S, et al.: Global
Initiative for Asthma (GINA) Program. The
global burden of asthma: executive summary
of the GINA Dissemination Committee report.
Allergy. 2004; 59:469-78.

9. Zhang X, Morrison-Carpenter T, Holt JB, et al.:
Trends in adult current asthma prevalence and
contributing risk factors in the United States
by state: 2000-2009. BMC Public Health. 2013;
13:1156.

10.10. Carvajal-Uruena I, Garcia-Marcos L,
Busquets-Monge R, et al.: Geographic variation
in the prevalence of asthma symptoms in
Spanish children and adolescents. International
Study of Asthma and Allergies in Childhood
(ISAAC) Phase 3, Spain. Arch Bronconeumol.
2005; 41:659-66.

11. Ko FW, Wang HY, Wong GW, et al.: Wheezing
in Chinese schoolchildren: disease severity
distribution and management practices, a
community-based study in Hong Kong and

95



96

Air Pollutants and Asthma

Guangzhou. Clin Exp Allergy. 2005; 35:1449-
56.

12.Yan DC, Ou LS, Tsai TL, et al.: Prevalence and
severity of symptoms of asthma, rhinitis, and
eczema in 13- to 14-year-old children in Taipei,
Taiwan. Ann Allergy Asthma Immunol. 2005;
95:579-85.

13.Pedersen PA, Weeke ER: Epidemiology
of asthma in Denmark. Chest. 1987; 91(6
Suppl):107S-114S.

14. Hsieh KH, Shen JJ: Prevalence of childhood
asthma in Taipei, Taiwan, and other Asian
Pacific Countries. J Asthma. 1998; 23:73-82.

15. Tsuang HC, Su HJ, Kao FF, et al.: Effects of
changing risk factors on increasing asthma
prevalence in southern Taiwan. Paediatr Perinat
Epidemiol. 2003; 17:3-9.

16.Kao CC, Huang JL, Ou LS, et al.: The
prevalence, severity and seasonal variations
of asthma, rhinitis and eczema in Taiwanese
schoolchildren. Pediatr Allergy Immunol. 2005;
16:408-15.

17. Hwang CY, Chen YJ, Lin MW, et al.: Prevalence
of atopic dermatitis, allergic rhinitis and asthma
in Taiwan: a national study 2000 to 2007. Acta
Derm Venereol. 2010; 90:589-94.

18. Shaw RA, Crane J, Pearce N, et al.: Comparison
of a video questionnaire with the IUATLD
written questionnaire for measuring asthma
prevalence. Clin Exp Allergy. 1992; 22:561-8.

19. Canova C, Heinrich J, Anto JM, et al.: The
influence of sensitisation to pollens and moulds
on seasonal variations in asthma attacks. Eur
Respir J. 2013; 42:935-45.

20.Kim BJ, Kwon JW, Seo JH, et al.: Association
of ozone exposure with asthma, allergic rhinitis,
and allergic sensitization. Ann Allergy Asthma
Immunol. 2011; 107:214-9.

21. Young MT, Sandler DP, DeRoo LA, et al.:
Ambient air pollution exposure and incident
adult asthma in a nationwide cohort of U.S.
women. Am J Respir Crit Care Med. 2014;
190:914-21.

22.Belanger K, Holford TR, Gent JF, et al.:
Household levels of nitrogen dioxide and
pediatric asthma severity. Epidemiology. 2013;

24:320-30.

23.Hulin M, Caillaud D, Annesi-Maesano I: Indoor
air pollution and childhood asthma: variations
between urban and rural areas. Indoor Air.
2010; 20:502-14.

24 Nyunoya T, Mebratu Y, Contreras A, et al.:
Molecular processes that drive cigarette smoke-
induced epithelial cell fate of the lung. Am J
Respir Cell Mol Biol. 2014; 50:471-82.

25.Malmstrom K, Pelkonen AS, Mikeld MI:
Remodeling, inflammation and airway
responsiveness in early childhood asthma. Curr
Opin Allergy Clin Immunol. 2013;13:203-10.

26.Wang MF, Kuo SH, Huang CH, et al.:
Exposure to environmental tobacco smoke,
human E-cadherin C-160A polymorphism,
and childhood asthma. Ann Allergy Asthma
Immunol. 2013; 111:262-7.

27.Peden D, Reed CE: Environmental and
occupational allergies. J Allergy Clin Immunol.
2010; 125(2 Suppl 2):S150-60.

28.White GE, Mazurek JM, Storey E: Employed
adults with asthma who have frequent
workplace exposures. J Asthma. 2014; 29:1-6.

29.Jan IS, Chou WH, Wang JD, et al.: Prevalence
of and major risk factors for adult bronchial
asthma in Taipei City. ] Formos Med Assoc.
2004; 103:259-63.

30.Friedlander JL, Sheehan WJ, Baxi SN, et al.
Food allergy and increased asthma morbidity
in a School-based Inner-City Asthma Study. J
Allergy Clin Immunol Pract. 2013; 1:479-84.

31. Schroeder A, Kumar R, Pongracic JA, et al.:
Food allergy is associated with an increased
risk of asthma. Clin Exp Allergy. 2009; 39:261-
70.

32.Jacoby DB: Virus-induced asthma attacks.
JAMA. 2002; 287:755-61.

33.Matsuse H, Behera AK, Kumar M, et al.:
Recurrent respiratory syncytial virus infections
in allergen-sensitized mice lead to persistent
airway inflammation and hyperresponsiveness.
J Immunol. 2000; 164:6583-92.

34. Wardlaw AlJ: The role of air pollution in asthma.
Clin Exp Allergy. 1993; 23:81-96.

35.von Mutius E, Sherrill DL, Fritzsch C, et al.:



Air pollution and upper respiratory symptoms
in children from East Germany. Eur Respir J.
1995; 8:723-8.

36.Chitano P, Hosselet JJ, Mapp CE, et al.: Effect
of oxidant air pollutants on the respiratory
system: insights from experimental animal
research. Eur Respir J. 1995; 8:1357-71.

37.Ostro BD: A search for a threshold in the
relationship of air pollution to mortality: a
reanalysis of data on London winters. Environ
Health Perspect. 1984; 58:397-9.

38.Ponka A: Asthma and low level air pollution in
Helsinki. Arch Environ Health. 1991; 46:262-70.

39. Fuentes-Leonarte V, Tenias JM, Ballester
F: Levels of pollutants in indoor air and
respiratory health in preschool children: a
systematic review. Pediatr Pulmonol. 2009;
44:231-43.

40.Hasunuma H, Ishimaru Y, Yoda Y, et al.:
Decline of ambient air pollution levels due to
measures to control automobile emissions and
effects on the prevalence of respiratory and
allergic disorders among children in Japan.
Environ Res. 2014; 131:111-8.

41.Berhane K, Zhang Y, Salam MT, et al.:
Longitudinal effects of air pollution on exhaled
nitric oxide: the Children's Health Study. Occup
Environ Med. 2014; 71:507-13.

42.Jakab GJ: Modulation of pulmonary defense
mechanisms by acute exposure to nitrogen
dioxide. Environ Res. 1987; 42:215-28.

43. Frampton MW, Smeglin AM, Roberts NJ Jr,
et al.: Nitrogen dioxide exposure in vivo and
human alveolar macrophage inactivation of
influenza virus in vitro. Environ Res. 1989;
48:179-92.

44.Samet JM, Lambert WE, Skipper BJ, et al.:
Nitrogen dioxide and respiratory illnesses in
infants. Am Rev Respir Dis. 1993; 148:1258-65.

45.Hesterberg TW, Bunn WB, McClellan RO,
et al.: Critical review of the human data on
short-term nitrogen dioxide (NO2) exposures:
evidence for NO2 no-effect levels. Crit Rev
Toxicol. 2009; 39:743-81.

46.Takenoue Y, Kaneko T, Miyamae T, et al.:
Influence of outdoor NO2 exposure on asthma

Ruey-Hong Wong, Ming-Fuu Wang

in childhood: meta-analysis. Pediatr Int. 2012;
54:762-9.

47.Lu KD, Breysse PN, Diette GB, et al.: Being
overweight increases susceptibility to indoor
pollutants among urban children with asthma. J
Allergy Clin Immunol. 2013; 131:1017-23.

48.Gruzieva O, Bergstrom A, Hulchiy O, et
al.: Exposure to air pollution from traffic
and childhood asthma until 12 years of age.
Epidemiology. 2013; 24:54-61.

49.Delfino RJ, Wu J, Tjoa T, et al.: Asthma
morbidity and ambient air pollution: effect
modification by residential traffic-related air
pollution. Epidemiology. 2014; 25:48-57.

50.Breysse PN, Diette GB, Matsui EC, et al.:
Indoor air pollution and asthma in children.
Proc Am Thorac Soc. 2010; 7:102-6.

51. Eisner MD, Blanc PD.: Gas stove use and
respiratory health among adults with asthma
in NHANES III. Occup Environ Med. 2003;
60:759-64.

52.Pan HH, Chen CT, Sun HL, et al.: Comparison
of the effects of air pollution on outpatient and
inpatient visits for asthma: a population-based
study in Taiwan. PLoS One. 2014; 9:¢96190.

53.Rosenlund M, Forastiere F, Porta D, et al.:
Traffic-related air pollution in relation to
respiratory symptoms, allergic sensitisation and
lung function in schoolchildren. Thorax. 2009;
64:573-80.

54.Expert Panel Report 3: guidelines for the
diagnosis and management of asthma. National
Institutes of Health, National Asthma Education
and Prevention Program; Bethesda MD: 2007.
NIH Publication No. 08-4051. Available from
http://www.nhlbi.nih.gov/guidelines/asthma/
asthgdln.pdf. (Accessed on March 21, 2011).

55.Linn WS, Venet TG, Shamoo DA, et al.:
Respiratory effects of sulfur dioxide in heavily
exercising asthmatics. A dose-response study.
Am Rev Respir Dis. 1983; 127:278-83.

56.Roger LJ, Kehrl HR, Hazucha M, et al.:
Bronchoconstriction in asthmatics exposed to
sulfur dioxide during repeated exercise. J Appl
Physiol. 1985; 59:784-91.

57.Peden DB: Pollutants and asthma: role of

97



98

Air Pollutants and Asthma

air toxics. Environ Health Perspect. 2002;
110(Suppl 4):565-8.

58.Hwang BF, Young LH, Tsai CH, et al.: Fine
particle, ozone exposure, and asthma/wheezing:
effect modification by glutathione S-transferase
P1 polymorphisms. PLoS One. 2013; 8:e52715.

59. Breysse PN, Buckley TJ, Williams D, et al.:
Indoor exposures to air pollutants and allergens
in the homes of asthmatic children in inner-city
Baltimore. Environ Res. 2005; 98:167-76.

60.Institute of Medicine Committee on the
Assessment of Asthma and Indoor Air. Clearing
the air: asthma and indoor air exposures.
National Academy Press; Washington, DC:
2000.

61. Silverman RA, Ito K: Age-related association
of fine particles and ozone with severe acute
asthma in New York City. J Allergy Clin
Immunol. 2010; 125:367-73.

62.Mar TF, Koenig JQ: Relationship between
visits to emergency departments for asthma and
ozone exposure in greater Seattle, Washington.
Ann Allergy Asthma Immunol. 2009; 103:474-
9.

63.Yamazaki S, Shima M, Ando M, et al.:
Modifying effect of age on the association
between ambient ozone and nighttime primary
care visits due to asthma attack. J Epidemiol.
2009; 19:143-51.

64.Gold DR, Allen G, Damokosh A, et al.:
Comparison of outdoor and classroom ozone
exposures for school children in Mexico City. J
Air Waste Manag Assoc. 1996; 46:335-42.

65.Brook RD, Franklin B, Cascio W, et al.:
Air pollution and cardiovascular disease: a
statement for healthcare professionals from
the Expert Panel on Population and Prevention
Science of the American Heart Association.
Circulation. 2004; 109:2655-71.

66.McCormack MC, Breysse PN, Matsui EC, et
al.: Indoor particulate matter increases asthma
morbidity in children with non-atopic and
atopic asthma. Ann Allergy Asthma Immunol.
2011; 106:308-15.

67.Koenig JQ, Mar TF, Allen RW, et al.:
Pulmonary effects of indoor- and outdoor-

generated particles in children with asthma.
Environ Health Perspect. 2005; 113:499-503.

68.Gent JF, Koutrakis P, Belanger K, et al.:
Symptoms and medication use in children
with asthma and traffic-related sources of fine
particle pollution. Environ Health Perspect.
2009; 117:1168-74.

69. Wallace LA, Mitchell H, O’Connor GT, et al.:
Particle concentrations in inner-city homes of
children with asthma: the effect of smoking,
cooking, and outdoor pollution. Environ Health
Perspect. 2003; 111:1265-72.

70.McCormack MC, Breysse PN, Hansel NN, et
al.: Common household activities are associated
with elevated particulate matter concentrations
in bedrooms of inner-city Baltimore pre-school
children. Environ Res. 2008; 106:148-55.

71.Morgan WJ, Crain EF, Gruchalla RS, et
al.: Results of a home-based environmental
intervention among urban children with asthma.
N Engl J Med. 2004; 351:1068-80.

72.Roda C, Kousignian I, Guihenneuc-Jouyaux
C, et al.: Formaldehyde exposure and lower
respiratory infections in infants: findings
from the PARIS cohort study. Environ Health
Perspect. 2011; 119:1653-8.

73.Salthammer T, Mentese S, Marutzky R:
Formaldehyde in the indoor environment. Chem
Rev. 2010; 110:2536-72.

74. Daisey JM, Angell WJ, Apte MG: Indoor air
quality, ventilation and health symptoms in
schools: an analysis of existing information.
Indoor Air. 2003; 13:53-64.

75. Garrett MH, Hooper MA, Hooper BM, et al.:
Increased risk of allergy in children due to
formaldehyde exposure in homes. Allergy.
1999; 54:330-7.

76.Qiao Y, Li B, Yang G, et al.: Irritant and
adjuvant effects of gaseous formaldehyde on
the ovalbumin-induced hyperresponsiveness
and inflammation in a rat model. Inhal Toxicol.
2009; 21:1200-7.

77. Nielsen GD, Larsen ST, Wolkoff P: Recent trend
in risk assessment of formaldehyde exposures
from indoor air. Arch Toxicol. 2013; 87: 73-98.

78.Rogers AJ, Brasch-Andersen C, Ionita-Laza I, et



al.: The interaction of glutathione S-transferase
MI1-null variants with tobacco smoke exposure
and the development of childhood asthma. Clin
Exp Allergy. 2009; 39:1721-9.

79. Wu CC, Ou CY, Chang JC, et al.: Gender-
dependent effect of GSTM1 genotype on
childhood asthma associated with prenatal
tobacco smoke exposure. Biomed Res Int. 2014;
2014:769452.

80.Pryor WA, Stone K: Oxidants in cigarette

Ruey-Hong Wong, Ming-Fuu Wang

smoke. Radicals, hydrogen peroxide,
peroxynitrate, and peroxynitrite. Ann N Y Acad
Sci. 1993; 686:12-27; discussion 27-8.

81.Lannan S, Donaldson K, Brown D, et al.:
Effect of cigarette smoke and its condensates
on alveolar epithelial cell injury in vitro. Am J
Physiol. 1994; 266(1 Pt 1):L92-100.

82.Jeffery PK: Remodeling in asthma and chronic
obstructive lung disease. Am J Respir Crit Care
Med. 2001; 164(10 Pt 2):S28-38.

99



