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ABSTRACT
Air pollution exposure can induce low-grade systemic inflammation with
consequences for both cardiovascular and respiratory systems. The overall aim of this
thesis was to investigate the effects of air pollutants on the development of complex
inflammatory diseases (myocardial infarction and respiratory disease), and genetically
determined susceptibility for these effects, using epidemiologic methodology.
The two study populations were drawn from a case-control study of myocardial
infarction (SHEEP) and a birth cohort (BAMSE). From SHEEP, the present study
population included 1192 first-time myocardial infarction (MI) cases aged 45-70 years
identified in Stockholm County during 1992-1994, and 1536 matched population
controls from the study base. Participants completed questionnaires and underwent
medical examination as well as blood sampling. Their air pollution exposure was
assessed retrospectively both long-term (1-30 years) and short-term (12 h - 5 days).
NO2 was used as an indicator of emissions from road traffic and SO2 as an indicator of
emissions from residential heating. From the BAMSE cohort, which recruited 4089
new-born children during 1994-1996 in four municipalities in Stockholm County, this
study included 497 wheezers and 485 non-wheezing controls at 4 years, and 198
asthma cases and 192 non-asthma controls at 8 years. Questionnaires were completed
by the parents when the children were 2 months, 1, 2, 4, and 8 years of age. The
children were also invited for medical examination and blood sampling at 4 and 8
years.
In adults, long-term exposure to both traffic- NO2 and heating-SO2 emissions
showed an association with IL-6 levels. For instance, 30-year traffic-NO2 exposure was
associated with a 64.5% (95%CI 6.7-153.8%) increase in serum IL-6 per 28.8 μg/m3
(corresponding to the difference between the 5th and the 95th percentile exposure
value). There was also suggested association between short-term exposure to trafficrelated air pollutants and inflammatory markers (IL-6, TNF-α). Gene-environment
interaction was observed for several IL6 and TNF single nucleotide polymorphisms
(SNPs) in relation to inflammation blood marker levels. For example, 1-year trafficNO2 exposure interacted with IL6 -174G/C in an additive way, where each additional
IL6-174C allele was associated with an increased air pollution effect on IL-6 levels, and
1-year heating-SO2 exposure was associated with higher TNF-α levels in TNF-308AA
homozygotes but not in -308G carriers. Also short-term air pollution exposure
interacted with IL6 and TNF SNPs in relation to marker levels. The risk of MI followed
the pattern of effect on blood markers across genotype groups.
In children, interaction with early maternal smoking was seen for 3 TNF SNPs
with respect to early wheeze. The odds ratio for developing early wheeze related to
maternal smoking was 2.4 (95%CI 1.6-3.7) in TNF -857CC homozygote children,
while no tobacco-related risk was seen in children with the rare -857T allele.
Suggestive interaction with early maternal smoking was also seen for 3 GSTP1 SNPs
with respect to transient wheeze. SNPs in TNS1, ADAM19, THSD4 and ADCY2
identified through genome-wide analyses on lung function in adults showed association
also with lung function in children; DAAM2 rs2395730 showed suggestive interaction
with current tobacco smoke exposure at 8 years.
In summary, the results indicate that air pollutants affect levels of inflammatory
blood markers, and this effect appears to be modified by genetic variants, affecting both

blood marker levels and consequent MI risk. Polymorphisms in genes related to
inflammation (TNF) and antioxidant defense (GSTP1) seem to modify the effect of
early tobacco smoke exposure on childhood wheezing. Several gene variants of
importance for lung function in adults also seem to affect lung function in children.
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1 BACKGROUND
1.1

AIR POLLUTION

1.1.1 Outdoor air pollution
Outdoor air pollutants include gaseous compounds, e.g. nitrogen dioxide (NO2), sulfur
dioxide (SO2), ozone (O3), and particulate matter (PM) of various sizes and
composition. These pollutants can all be generated naturally, but today anthropogenic
sources of air pollution are a major concern. Sources and WHO guidelines for the
pollutants investigated in this study, of importance for urban populations, are presented
in Table 1.
Table 1 Sources of ambient air pollutants and WHO air quality guidelines.
Air pollutant

Source1 2

World Health Organization
guidelines3

NO2

Motor vehicles and other fossil
fuel combustion (heating, power
generation)
Combustion of fossil fuel
(power plants, diesel engines),
oil refineries
Formed in the troposphere as a
result of chemical reactions
between nitrogen dioxide and
hydrocarbons in the presence of
sunlight
Road dust, tire fragmentation,
motor vehicle emissions,
burning of fossil fuel,
construction works, wood
burning, windblown soil, pollens
and molds.

1-hour average: 200 µg/m3

SO2
O3

Particulates

Annual average: 40 µg/m3
10-minute average: 500µg/m3
24-hour average: 20 µg/m3
8-hour average: 100 µg/m3

PM10:
Annual average: 20 µg/m3
24-hour average: 50 µg/m3

When the levels are elevated, air pollutants may cause respiratory symptoms, impair
lung function, and exacerbate existing respiratory and cardiovascular diseases.1
Therefore, air pollutants including NO2, SO2, O3, and PM10 are commonly monitored
on a continuous basis in urban areas since a few decades back, and these measurements
are often available also for scientific studies. Monitoring data are used to develop
environmental policy measures for controlling and reducing air pollution, as well as for
warning susceptible populations to avoid being outdoors during high pollution periods.
Air pollutants are often generated as a mixture and it is difficult to disentangle which of
them have the most pronounced detrimental effect on health. Certain pollutants are
most characteristic for a particular source, and may then also be used as indicators for
that source-related pollution. For example, NO2 is commonly used as a marker of motor
1

exhaust emissions, while PM with an aerodynamic diameter of up to 10µm (PM10)
represents more coarse particles, like road dust. It is believed that both gaseous and
particulate air pollutants can induce irritation in the airways and cause oxidative
damage.4 However, particulates, due to their diversity of sources and composition,
include a variety of components, such as nitrates, sulfates, elemental and organic
carbon, organic compounds (polycyclic aromatic hydrocarbons), biological compounds
(endotoxin), and a variety of metals (iron, copper, nickel, zinc, and vanadium). 2
Certain compounds may exert adverse effects of air pollutants in the lungs and trigger
an immune response. The finer fraction of PM can penetrate into the lower respiratory
tract, and ultrafine particles are also believed to translocate into the circulatory system.5
While measurement-based data for short-term exposure to air pollution is widely
available, long-term exposures often require retrospective modeling. In this case,
source-specific air pollution indicators can be assigned to the appropriate emission
sources, in an emission-based approach. In the present study two indicator pollutants
were used: NO2 from local traffic emissions (traffic-NO2) as a marker of the mixture of
vehicle emissions, also including exhaust particles, and SO2 from local residential
combustion heating (heating-SO2) as a marker mainly reflecting oil combustion. In this
emission-based approach, both indicators characterize only local sources of pollution
and do not cover long-range air pollution contributions.
1.1.2 Tobacco smoke
Another important air pollutant, more characteristic of the indoor environment, is
tobacco smoke (TS), which affects both active smokers and persons exposed passively.
TS is a complex mixture of more than 4800 different compounds.6 Many of them are
known carcinogens and mutagens, or possess cytotoxic and irritant properties. TS
constituents include polycyclic aromatic hydrocarbons and N-nitrosamines, free
radicals, aromatic amines, aldehydes, and metals such as nickel, chromium, and
cadmium.6 The chemical composition of side-stream TS is qualitatively similar to that
of main-stream smoke but differs quantitatively with respect to the levels of individual
constituents, and the average particle size of side-stream TS is smaller.6
The prevalence of smoking in women of child-bearing age ranges between 17 and 35%
around the world. 7 Although the smoking prevalence during pregnancy has declined
over the past years, a significant proportion (13-16%) of women continues to smoke
during pregnancy in the Nordic countries, and this is influenced by maternal age,
ethnicity, education and socioeconomic level.7-9 Data for the Swedish BAMSE study
participants showed similar prevalence rates: 12 % of mothers smoked during
pregnancy, and 25% of the children were exposed to environmental tobacco smoke
during the first two years of life.10 These data refer to the 1990s (1994-1996), while
today the situation is gradually improving. The overall adult daily smoking prevalence
in Sweden was 15% in 2006.11
1.2

HEALTH EFFECTS OF AIR POLLUTANTS

1.2.1 Induction of inflammation
Inflammation is a physiological reaction of tissue response to injury. Tissue injury can
be caused by microorganisms and chemical or physical agents, including oxidative
2

substances. As a result of tissue damage, both damaged cells (e.g. epithelial cells) and
activated tissue macrophages produce proinflammatory mediators (including
interleukin 1 and 6 (IL-1, IL-6) and tumor necrosis factor alpha (TNF-α)). Vascular
permeability increases and leads to leakage of fluid to the inflammation site.
Proinflammatory mediators released into the blood stream have a systemic effect and
stimulate recruitment of neutrophils to the site of inflammation, as well as production
of acute phase proteins (C-reactive protein [CRP] and fibrinogen). Activated
neutrophils gather at the site of inflammation to destroy and eliminate the causative
agent. These processes induce the symptoms of inflammation, characterized by four
Latin words: calor (heat), dolor (pain), rubor (redness), and tumor (swelling).
Normally, when the causative agent is eliminated, anti-inflammatory agents act to
diminish inflammation, limit the damage of surrounding tissues and promote tissue
healing. Acute inflammation is a rapid, short-lived (minutes to days) response to acute
injury.12
When the inflammation persists, due to incomplete clearance of a causative agent or as
a result of multiple acute or subacute events occurring in the same location, it becomes
a chronic inflammation.12 An important role in the transition from acute to chronic
inflammation is played by IL-6.13 Chronic inflammation leads to accumulation of
macrophages and lymphocytes at the site, as well as to the growth of fibroblasts and
vascular tissue, resulting in tissue scarring.12
Oxidative damage in the lungs caused by exposure to air pollutants is capable of
inducing low-grade systemic inflammation, affecting the lung tissue and, due to the
systemic release of inflammatory mediators, with wider effect also on the
cardiovascular system.5 There are several mechanisms that are potentially involved in
cardiovascular effects of lung exposures. On the one hand, systemic cytokine-mediated
inflammatory response induced in the lungs2 4 can contribute to atherosclerosis. 14-16 On
the other hand, ultrafine particulate matter can directly enter the circulation and affect
vascular endothelium, also potentially contributing to atherosclerotic changes.5 16
Atherosclerosis is considered to be an inflammatory disease, where inflammation
occurs in the developing atherosclerotic plaque,14 17 and consequently, the additional
load of proinflammatory cytokines and ultrafine potentially oxidizing particles in the
bloodstream may augment plaque development. Yet another mechanism involves
effects of air pollutants on cardiac autonomic control and increased risk of arrhythmia,
either as a result of airway receptor stimulation or indeed as a consequence of the
inflammatory response. 4 Changes in blood markers, including inflammation and
coagulation parameters, after exposure to air pollutants may therefore help to elucidate
the pathways of disease development caused by air pollution exposure. 2 4 Such effects
on blood markers have been studied in both epidemiological and experimental studies
for short-term exposure to air pollution,18-22 but there is a lack of studies investigating
long-term effects.
When air pollution, such as tobacco smoke, enters the lung in children, local
inflammatory response may impair lung function through epithelial injury and fibrosis
as well as small airway remodeling. 6 Systemic inflammation may also ensue, as
described above. Particular attention is warranted for intrauterine exposure to tobacco
smoke, where harmful effects are mediated by systemic factors transmitted directly
from mother to foetus. 23 It has been shown that exposure to tobacco smoke in utero
leads to oxidative stress, as indicated in blood analysis in newborns and children at 3
months of age. 24 25 Tobacco-exposed children have been shown to have lower birth
3

weight, impaired lung function, and changed immune function parameters as well as a
higher risk of developing wheeze and asthma. 26-28 The mechanisms leading to these
effects are not fully clarified. Hypothetically, the response capacity of both antioxidant
and inflammatory systems in the developing child, defined by gene-environment
interactions, determine the variability in an individual’s phenotype.
1.2.2 Effects on the cardiovascular system by ambient air pollution
Both long- and short-term exposure to air pollution have been associated with
cardiovascular morbidity and mortality. 4 5 29-31 A previous study based on the SHEEP
study population reported an association between long-term exposure to air pollution
and fatal myocardial infarction, especially out-of hospital deaths. 32 Epidemiologic
studies have also shown an association between ambient air pollution and
atherosclerosis, assessing carotid intima-media thickness. 33 34 The combination of high
intima-media thickness and high levels of CRP has been shown to substantially
increase the risk of heart failure.35 Nonetheless, there is limited evidence on possible
mechanisms behind these effects.
Both the inflammation and coagulation systems are involved in mechanisms underlying
cardiovascular effects. Thus, the risk of developing myocardial infarction has been
shown to be associated with increased levels of blood markers of inflammation (IL-6,
TNF-α, CRP) and coagulation (fibrinogen, PAI-1).36-41 These markers have also been
linked to air pollution exposure, e.g. in a study on myocardial infarction survivors in six
European cities, where short-term exposure to particulate matter was found to be
associated with increased levels of IL-6 and fibrinogen. 21 42 However, epidemiologic
studies have often reported inconsistent results regarding the associations of air
pollution exposure with IL-6, CRP, or fibrinogen.21 22 43-47 Data are also still lacking to
characterize the full link from air pollution to blood markers to cardiovascular risk in
the same study population.
1.2.3 Effects on the respiratory system by tobacco smoke
Children raised in smoker homes have a higher incidence of respiratory infections,
recurrent wheezing, bronchitis, nocturnal cough, and asthma. 6 Maternal smoking and
passive exposure of children to cigarette smoke are also associated with impaired lung
function, wheezing and illness. 6 28 48 While investigating exposure occurring very early
in life, it is mostly difficult to disentangle prenatal and early postnatal exposures, which
tend to be quite highly correlated. 48 Some studies suggest that in utero exposure to
heavy smoking has a stronger effect on the development of asthma and decreased lung
function than postnatal exposure to environmental TS. 49 Development of lung function
in children is of particular importance, since evidence suggests that impaired lung
function in childhood has an impact also in adulthood. 50 Lung function is important for
the functional capacity of the human body, 51 and is also a reasonably good predictor of
mortality in general population. 52 Both forced expiratory volume in one second (FEV1)
and forced vital capacity (FVC) are influenced by lung size, but FEV1 is the primary
parameter influenced by airway obstruction, and the ratio FEV1/FVC is thus used for
defining obstructive defects. 51 53
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1.3

GENES IN COMPLEX DISEASES

Complex diseases are characterized by multiple genetic associations with small-tomoderate effects. Following the steady progress in genotyping methods, genetic study
design and genetic understanding, genetic effects have been investigated in linkage
studies (identifying chromosome areas of interest), candidate gene studies (genes
hypothetically involved in pathogenesis), and most recently broader scope hypothesisfree investigation of genetic effects in genome-wide association studies (GWAS)
yielding new, often previously unknown, genes of interest. It is nowadays feasible to
investigate up to a million or more SNPs using current GWAS chips. By design, these
SNPs cover the majority of common SNP genetic variation by the use of so-called
tagging SNPs across the whole genome, and provide an indication of the gene or gene
region containing the putative functionally relevant SNP or SNPs with high correlation
to the significant tag SNP. Future prospects include targeting also rare variants in
GWAS studies using even denser GWAS chips or whole-genome sequencing, as well
as investigation of epigenetic modifications. On a broader functional perspective, the
candidate gene approach may be extended to systems genetics, where whole networks
of genes are studied.
The present work (except paper IV) was initiated before the advent of extensive GWAS
research. Nevertheless, investigation of the interaction between heredity (genes) and
environment may potentially utilize all of the approaches mentioned above, including
GWAS. There are, however, numerous issues to consider in employing these methods.
For example, in spite of the attractive wide coverage of the genome, genome-wide
studies of gene-environment interaction (so-called GWIS) have serious limitations.
Firstly, they require extremely large sample size to reach sufficient power, and even at
large size would still generally fail for rare genetic variants.54 Secondly, they can only
identify interactions with consistent effects across different genetic and environmental
exposure background, which is often difficult to achieve.54 Candidate gene interaction
studies, which are based on previous knowledge of the biological mechanisms involved
and where the environment is likely to play a pivotal role, thus remain an attractive
design for identifying and characterizing gene-environment interactions. 54
1.3.1 Genetic associations with cardiovascular disease
The present work has focused on genes which are related to cardiovascular pathology
(inflammation, coagulation), and at the same time are believed to be involved in the
response of the organism to air pollution. Variants in all selected candidate genes (IL6,
TNF, fibrinogen Bβ gene (FGB), PAI-1) have shown overall association with MI risk in
the SHEEP study and in other studies. 37 39 55 56 Recent GWAS studies have identified a
number of variants in genes to be associated with coronary artery disease and other
cardiovascular and metabolic phenotypes. 57 Among the newly identified genes, there
are genes functionally involved in lipid metabolism, collagen processing, apoptosis,
adhesion signaling, coronary calcification, lipoprotein(a), inflammation, as well as a
number of genes with unknown function. 58
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1.3.2 Genetic associations with asthma and lung function
In the present investigation, the focus of interest was on genes previously shown to be
associated with respiratory disease, 59 and also potentially modify the response to
tobacco smoke exposure: on the level of antioxidant defense (GSTP1), inflammation
(TNF), and local lung receptor dynamics (ADRB2).
Based on recent genome-wide findings, a number of specific groups of genes have
received strong support for being involved in determining susceptibility to allergic
disease. These include genes involved in immune responses, barrier function, tissue
response, eosinophil activations, and the interplay between the environmental factors
and cellular responses. 60 To date, genome-wide association studies have identified
variants in the following genes to be associated with asthma and blood eosinophil
counts: IL1RL1, WDR36, MYB, IL33, CTNNA3, ORMDL3, PDE4D, TLE4. 60 Larger
future genome-wide studies are very likely to find further genes to be involved. Recent
publications have also identified a number of SNPs from a range of genetic loci to be
associated with lung function in adults. 53 61 However, there are as yet no studies
investigating genome-wide associations with lung function in children.
1.4

INTERACTIONS OF AIR POLLUTION WITH GENES

1.4.1 Cardiovascular effects in adults
1.4.1.1 Inflammation
Given the effects observed on cardiovascular disease by air pollution on the one hand
and genes on the other, it is of interest to understand whether individual genetic
makeup can modify an individual’s response to air pollution, both in terms of
intermediate biomarkers related to inflammation and coagulation, and also on the
development or acute onset of myocardial infarction (MI). One example of a study
looking at such interaction on an inflammatory marker is the study of MI survivors
conducted in six European cities, where IL6 (rs2069832, intron) and Fibrinogen Bβ
(rs1800790, promoter) variants were seen to modify the effect of air pollution exposure
on the levels of IL-6. 62
1.4.1.2 Myocardial infarction
Several studies have investigated the interaction of genes and air pollution in relation to
the health outcomes associated with cardiovascular disease (blood pressure, QT
intervals, homocysteine levels), focusing on genes related to oxidative stress,
inflammation and lipid metabolism, and reported significant associations for GSTM1,
GSTT1, HFE, HMOX-1, cSHMT, TF C2, PHF11, MMP1, ITPR2, NQO1, GSS, and a
number of other genes.63 Two studies have investigated interactions between tobacco
smoke exposure and the IL6-174G/C variant. The variant IL6-174C allele was
associated with increased all-cause mortality risk among 80-year-old subjects, but only
in non-smokers. 64 Another study reported -174C allele association in middle-aged men
with increased MI risk only in smokers.65
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1.4.2 Respiratory effects in children
1.4.2.1 Wheezing
A range of single nucleotide polymorphisms (SNPs) in xenobiotic-metabolizing
enzyme genes (e.g. CYP1A1, CYP1B1, GSTM1) have been found to significantly
interact with smoking exposure in relation to asthma susceptibility. 66 67 Most recently,
SNPs in other genes with yet unknown function such as GSDML/ORMDL3 in the
17q21 region have also been suggested to modify the effect of passive smoking. 68
Several studies have investigated interactions of genes with tobacco smoke exposure,
focusing mainly on genes involved in antioxidant protection and inflammation, such as
the glutathione S transferase M1, T1 or P1 (GSTM1, GSTT1, GSTP1) and tumor
necrosis factor alpha (TNF) genes. 67 69-72 The GSTP1 coding SNP Ile105Val had a
significant interaction with in utero tobacco smoke exposure and exposure to air
pollution in relation to wheeze and asthma. 70 73 A number of TNF SNPs, e.g. TNF-308
and TNF-238, have been investigated in relation to modifying the effect of tobacco
smoke exposure on asthma phenotypes in school-age children. 71 72 ADRB2 Arg16Gly
was reported to modify the effect of in utero and childhood tobacco smoke exposures
on childhood wheezing. 74 Recently, results on gene-environment interactions with
early exposure to air pollution have been reported from BAMSE, which support an
effect modification by GSTP1 Ile105Val and TNF-308 variants on the development of
childhood allergy. 75 76 Previous studies have thus pointed to the importance of the
inflammation and antioxidative pathways for modulating the response to environmental
stimuli, including tobacco smoke, but the evidence is not conclusive in the development
of respiratory disease in children.
1.4.2.2 Lung function
Few studies investigated interactions of genes with tobacco smoke exposure in relation
to lung function in children. In utero exposure to tobacco smoke in GSTT1 null children
was associated with decreased lung function at 9-11 years compared with GSTT1
positive children not exposed to tobacco smoke. 69 Also ADAM33 gene has been shown
to interact with in utero TS exposure affecting lung function in children. 77
Investigating potential interaction of novel lung function associated SNPs with tobacco
smoke exposure, including different time windows of exposure, may elucidate new
pathways of lung function deterioration in children.
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2 AIMS
The overall objective of the thesis was to investigate the effects of air pollutants
(ambient air pollution, tobacco smoke) on the development of complex inflammatory
diseases (myocardial infarction and respiratory disease), and to identify possible
subgroups of individuals with a genetic susceptibility based on investigation of
important candidate genes and their importance for gene-environment interaction with
these exposures.
The specific aims, each addressed in one of the constituent papers, were:
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I.

To investigate if long- and short-term air pollution exposures affect the
levels of certain blood markers of interest for cardiovascular disease in
adults.

II.

To explore potential gene-environment interactions between genetic
variants related to inflammation and coagulation and long- and short-term
exposure to air pollution with respect to both blood marker levels and the
risk of myocardial infarction

III.

To investigate whether variants in certain asthma candidate genes modify
the effect of early maternal smoking (during pregnancy and/or postnatally)
on the development of asthma, wheeze and allergic sensitization in children.

IV.

To attempt a replication of recent adult GWAS associations for lung
function also in children, as well as to investigate their potential interaction
with early exposure to tobacco smoke in relation to lung function.

3 METHODS
3.1

STUDY POPULATIONS

The present studies were conducted in two different populations, one of adults and one
of children. Cardiovascular outcomes were investigated in adults in the Stockholm
Heart Epidemiology Program (SHEEP), and respiratory effects were explored in
children within the BAMSE birth cohort (Children (Barn), Allergy, Milieu, Stockholm,
Epidemiological survey).
3.1.1 The SHEEP case-control study
The Stockholm Heart Epidemiology Program (SHEEP) is a large population-based
case-control study. SHEEP included all first-time myocardial infarction cases (n=2246)
aged 45-70 years identified in Stockholm County during 1992-1994. Controls (n=3206)
were selected randomly from the study base (Stockholm County population, 19921994), matched on sex, age (±5 years) and hospital catchment area. 78 The participation
rate was 83% for cases and 73% for controls; blood sampling was performed in 77% of
surviving MI patients and in 67% controls. 39 The study was approved by the Ethical
Committee at Karolinska Institutet.
For the analysis of air pollution effects on blood marker levels (Paper I), all population
control subjects (n=1536) with available data on the blood markers were included. The
investigation of genetic modification of air pollution effects on blood marker levels and
MI risk (Paper II) was performed in 1506 controls with available data on genotypes and
blood marker levels, as well as in 1192 first time non-fatal myocardial infarction cases
with available data on genotypes and time of MI symptoms onset. Gene-environment
interactions for short-and long-term air pollution on blood marker levels were studied
in the controls, for long-term exposure on MI risk using case-control design, and for
short-term exposure on MI onset using case-crossover design.
3.1.2 The BAMSE birth cohort
The prospective birth cohort BAMSE was recruited during the years 1994-1996, and
included 4089 newborn infants (75% of all eligible children in the selected areas of
Stockholm county, representing both urban and suburban districts).79 At inclusion,
when the children were approximately 2 months of age, parents completed detailed
questionnaires with information on living conditions, environmental exposures at
home, parental allergy and smoking habits of mothers and fathers. Subsequent
questionnaires were completed when the children were 1, 2, 4 and 8 years of age with
response rates of 96%, 94%, 92% and 84%, respectively. The children were invited for
clinical testing, including blood sampling and lung function measurements, at 4 and 8
years. Blood sampling was performed in 2614 children at 4 years and in 2480 children
at 8 years. The study was approved by the Ethical Committee at Karolinska Institutet.
To investigate effect modification by the TNF, GSTP1 and ADRB2 genes on early
maternal smoking in relation to wheezing at 4 years (Paper III), genetic analyses were
performed in selected groups of wheezing cases (n=542) and their random controls
(n=542), sampled from the full cohort with a case-cohort type of procedure. From the
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2614 blood samples, 2298 were suitable for further genetic analysis (after exclusion of
samples with too little blood, lack of questionnaire data and with no parental consent
for genetic analysis), forming the so called “genetics cohort” (Fig. 1). From the
“genetics cohort”, 709 children were randomly selected, 542 of them being nonwheezers, which yielded a random sample of controls. The 167 wheezers from the
random sample were complemented by all other identified wheezers (n=375) in the
cohort, yielding a total group of 542 wheezing cases (Fig. 1). After excluding subjects
with failure in DNA extraction (n=29) or >50% missing genetic data from genotype
failures, indicating poor DNA quality (n=73), the final genetic analysis group included
982 children (497 wheezers and 485 controls).

Figure 1. Selection of BAMSE children at 4 years based on wheezing phenotype (Paper III)
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Figure 2. Selection of BAMSE children at 8 years based on asthma phenotype (Paper IV)

The genome-wide study of genetic effects on lung function in children at 8 years (Paper
IV) was based on a sample of asthma cases and their controls selected for genome-wide
genotyping. From the BAMSE cohort (n=4089), blood samples were obtained from
2480 children during the medical examination at 8 years. DNA was extracted from
samples from 2033 children (after exclusion of samples with too little blood, lack of
questionnaire data, or where parental consent to genetic analysis was not obtained). Of
these, all children with a doctor’s diagnosis of asthma (at 1, 2, 4 or 8 years) were
selected as cases (n=250) and an equivalent number of children with no history of
asthma or other allergic diseases as controls (n=254). Not all children had lung function
data; the final group of children with GWAS data that passed quality control and with
available lung function measurements consisted of 390 children (198 cases and 192
controls) (Fig. 2).
3.2

EXPOSURE ASSESSMENT

3.2.1 Ambient air pollution exposure
In the SHEEP study, individual exposure to air pollution was estimated in relation to
various time windows, both long-term (years) and short-term (days).
Long-term exposure to source-specific air pollution was assessed at the participant’s
historical home addresses using a geographical information system. The detailed
methods of assessment have been described previously.32 80 Briefly, source-specific
emission databases were established for each decade since 1960, providing information
for dispersion modeling of annual mean levels of locally emitted air pollutants. 80 All
addresses inhabited by study participants for more than 2 years were transformed into
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geographical coordinates, and calibrated dispersion models for air pollution were used
to estimate the annual mean level at each address.32 Using these, average exposures for
the preceding 1, 5, and 30 years before the year of study inclusion were calculated. At
most 5 of 30 years and 1 of 5 years of address information was allowed to be missing
for calculating 30-year and 5-year means, respectively. The missing air pollution data
that resulted for years of unknown residency were replaced by the mean among the
controls for that calendar year.32 For the 1-year mean, no missing address information
was allowed. Two air pollutants were studied, characterizing different exposure
sources: NO2 from local traffic emissions (traffic-NO2) as a marker of the mixture of
vehicle emissions, also including exhaust particles, and SO2 from local residential
combustion heating (heating-SO2) as a marker mainly reflecting oil combustion.
Short-term air pollution exposure measures were based on routine hourly rooftop
measurements of total ambient NO2, PM10, O3 and SO2 in Stockholm. PM10
measurements started in spring 1994, and PM10 exposure can thus only be calculated
for subjects included in the study after that point in time. Average exposures were
calculated for intervals 0-12h, 12-24h, 48h (2 days) and 120h (5 days) before the index
time point. The index time point was the hour of blood sampling for assessment of
effects on blood markers, and the hour of MI symptoms onset or corresponding control
time point for assessment of the risk of MI onset in the case-crossover analysis. Control
intervals were estimated for each case using a time-stratified approach: within the
calendar month of MI occurrence, all time points on weekdays corresponding to the
time and weekday of MI onset were used to define control periods for a case period.81
Exposure intervals with 75% or more of hourly measurements available were included
and the interval mean was calculated from the available values.
3.2.2 Tobacco smoke exposure
The studies of children (BAMSE) were focused on exploring the effect of tobacco
smoke exposure on respiratory health. The tobacco smoke exposure information was
based on the questionnaires answers by the parents.
Early maternal smoking was considered present if the mother smoked at least one
cigarette per day at the time of the first questionnaire, when the child was
approximately 2 months old (postnatal exposure), and/or smoked at least one cigarette
per day at any time during pregnancy (in utero exposure). Furthermore, three categories
were defined for the exposure to tobacco smoke during pregnancy according to the
highest reported number of cigarettes smoked by the mother per day during any of the
pregnancy trimesters: 0 (reference group), 1-9 and >9 cigarettes per day. Current
tobacco smoke exposure at 8 years of age was present if any of the parents smoked
daily at the time of completing the 8-year questionnaire.
3.2.3 Genotyping
Genetic factors were explored in papers II- IV.
In the candidate gene analysis in SHEEP (Paper II), selected genes and SNPs were
candidates for involvement in individual susceptibility to cardiovascular disease. They
included IL6 with SNPs -598G/A (rs180797), -573G/C (rs1800796), -174G/C
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(rs1800795); TNF with SNPs -1031T/C (rs1799964), -863C/A (rs1800630), -857C/T
(rs1799724), -308G/A (rs1800629), -238G/A (rs3615525); fibrinogen Bβ (FGB) with
SNP -455G/A; and PAI-1 with SNP -675 4G/5G. Genotyping for IL6 and TNF were
performed using dynamic allele specific hybridization, 36 37 and FGB and PAI-1
polymorphisms were genotyped using the polymerase chain reaction method. 38 39
In the candidate gene analysis in BAMSE (Paper III), analyses of SNPs in selected
genes were performed with matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry (Sequenom, San Diego, CA, USA). 76 The selected
genetic variants for analysis included five TNF (rs1799964, rs1799724, rs1800629,
rs1800610, rs3093664), six GSTP1 (rs762803, rs1695, rs749174, rs1138272,
rs1871042, rs4891) and three ADRB2 (rs1042714, rs1042717, rs1042718) SNPs.
In the study of lung function genes, relying on extraction of data from the genome-wide
genetic data on a subset of BAMSE (Paper IV), genotyping was conducted in
collaboration with the GABRIEL consortium. 82 DNA samples were genotyped using
the Illumina Human 610 quad array in the genotyping laboratory at the Centre de
Genotypage, Evry, France.
3.3

ASSESSMENT OF OUTCOMES

3.3.1 Blood markers of inflammation and coagulation
SHEEP (Papers I, II): Serum IL-6 was measured using an enzyme-linked
immunosorbent assay (IL-6 Eli-pair, Diaclone Research, Besancon, France).36 TNF-α
was detected in serum with the Quantikine HS human TNF-alfa kit (R&D Systems,
Minneapolis, MN).37 C-reactive protein (CRP) was measured on EDTA plasma
samples using a high sensitivity immunonephelometric assay (Dade-Behring, Marburg,
Germany) on the automated BN II system from Dade Behring.36 An assay fibrinogen
fibrin polymerization time (FPT test) according to the method described by Vermylen
et al.83 was used to measure plasma fibrinogen levels,38 and the Spectrolyze PAI-1 kit
(Biopool AB, Umea, Sweden) was used for determining PAI-1 activity in citrated
plasma samples.39
3.3.2 Myocardial infarction
SHEEP (Paper II): First-time MI cases were identified using standard diagnostic
criteria: certain symptoms according to case history information, specified changes in
blood levels of the enzymes CK and LD, specified ECG-changes and autopsy
findings.78 Only cases who survived 28 days after their MI were included. The time of
MI symptoms onset was determined primarily using information from the medical
clinic about the symptom onset or admission, or alternatively the admission date was
obtained from the National Hospital Discharge Registry.
3.3.3 Wheezing, asthma and allergic sensitization
BAMSE (Paper III): Wheeze phenotypes were determined in children followed up to 4
years based on questionnaire information. Early-onset wheeze was defined as wheeze
up to 2 years of age, and was further subdivided into transient wheeze (≥3 episodes of
wheeze between 3 months and 2 years of age, but no episode in the last 12 months at 4
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years) or persistent wheeze (≥1 episode of wheeze between 3 months and 2 years of age
and ≥1 episode in the last 12 months at 4 years). Late-onset wheeze was defined as no
episode of wheeze between 3 months and 2 years of age, but ≥1 episode in the last 12
months at 4 years.84 Current asthma was defined as reported physician-diagnosed
asthma up to 4 years of age and one or more episodes of wheezing in the last 12 months
at 4 years. The reference group for analyses of asthma consisted of non-wheezing
children without asthma diagnosis at 4 years.
Allergic sensitization was assessed with serum IgE tests for 2614 of the children at 4
years of age. It was analysed as specific IgE antibodies to inhalant and food allergens
(Phadia AB, Uppsala, Sweden). The mix of inhalant allergens (Phadiatop®) included
allergens of cat, dog, horse, birch, timothy, mugwort, D. pteronyssinus and
Cladosporium, and the mix of food allergens (Fx5®) included allergens of milk, egg
white, peanut, wheat, soy bean and fish. Sensitization to each category of allergens was
defined as serum IgE antibody level ≥0.35 kilounits of antibody per litre (kUA/L).
3.3.4 Lung function
BAMSE (Paper IV): Lung function measurements were performed in children at 8
years. Maximum expiratory flow volume tests were performed using a spirometer
(2200 Pulmonary Function Laboratory; Sensormedics, Anaheim, CA, USA).85 The
highest values of forced expiratory volume in 1 sec (FEV1) and forced vital capacity
(FVC) were extracted and used in the analysis, provided that the child’s effort was
coded as maximal by the test leader, the test curves passed visual quality inspection,
and that the two highest readings were reproducible according to the American
Thoracic Society and European Respiratory Society (ATS/ERS) criteria.86
3.4

STATISTICAL ANALYSES

In the SHEEP study (Papers I, II), air pollution effect estimates are given per unit
change in the air pollutant, where one unit change corresponds to the difference
between the 5th and 95th percentile of the exposure distribution among controls (for
long-term effects on blood markers and MI), controls with no missing data (for shortterm effects on blood markers), or all exposure intervals with no missing data (for
short-term effects on MI, case-crossover analyses).
In the BAMSE study (Papers III, IV), tobacco smoke exposure was coded as a
dichotomous variable (0/1) in most analyses, and additionally as a categorical variable
based on the amount of cigarettes smoked per day by the mother in some analyses
(Paper III).
In both studies, SHEEP and BAMSE, genetic exposure was assessed either in additive
(effect per variant allele, i.e. coded 0-1-2), dominant (0, 1 – with 1 for heterozygote and
homozygote variant allele carriers), recessive (0, 1 – with 1 for homozygote variant
allele carriers), or unconstrained genotype-specific (two indicator variables, one for
variant heterozygote versus reference homozygote and one for variant homozygote
versus reference homozygote) genetic models for SNP variants in studied genes.
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Analyses were performed using STATA 9.0 (StataCorp, College Station, TX, USA),
apart from the analyses of genome-wide data (Paper IV), where the PLINK-1.07 87
program was used.
3.4.1 Linear regression analyses for continuous outcomes
Linear regression models were used to estimate the effects of environmental factors or
gene-environment interactions on outcomes that were measured as continuous
variables. These were levels of blood markers IL-6, TNF-α, CRP, fibrinogen and PAI-1
in the SHEEP study (Papers I, II), and lung function parameters (FEV1, FVC,
FEV1/FVC%) in the BAMSE study (Paper IV).
SHEEP (Papers I, II): Levels of blood markers IL-6, TNF-α, CRP, fibrinogen and PAI1 were log-transformed to achieve a more normal distribution. Estimated effects for
both long-term source-specific as well as short-term ambient air pollution exposures
were calculated as the change in the log level of an outcome blood parameter
(presented as per cent change), per exposure increment in each respective air pollution
exposure corresponding to the difference between the 5th and the 95th percentile
exposure value. For the analysis of air pollution effects on blood marker levels (Paper
I), models with full sets of predictors specific for each blood marker were used: age,
sex, physical inactivity and level of HDL cholesterol for IL-6; age and sex for TNF-α;
age, sex, body mass index (BMI), smoking status, coffee consumption, vegetables
consumption and level of insulin for CRP; age, sex, smoking status, BMI, coffee
consumption and level of LDL cholesterol for fibrinogen; age, sex, BMI, levels of
triglycerides and insulin for PAI-1.
For the analysis of gene-environment interactions (Paper II), the following adjustments
were used for the basic model: age and sex for long-term air pollution effects; age, sex
and ambient temperature for short-term air pollution effects on blood markers.
Introducing additional adjustment covariates into the models from the relevant sets of
predictor variables determined for each blood marker in Paper I did not produce any
further substantial changes that altered interpretation of results.
BAMSE (Paper IV): Linear regression models were used to assess the genetic effect in
children at 8 years of top-lung function associated SNPs obtained in genome-wide
association studies in adults,53 61 as well as interaction of these SNPs with early tobacco
smoke exposure. Effect estimates are presented as the change in a lung parameter
(FEV1, FVC) in mL, or as per cent unit change for FEV1/FVC%. Of the previously
reported 37 top SNPs associated with lung function in adults53 61, 16 were directly
available in the BAMSE GWAS dataset, and for 5 additional SNPs proxy SNPs in high
linkage disequilibrium (r2>0.9) were identified, that were present in the GWAS dataset.
Some of those proxy SNPs were already included among the 16 directly available
SNPs and thus, 18 individual SNPs in 14 genes were investigated in total (Table 2).
Genetic models were adjusted for age, sex, height at 8 years, ever doctor’s diagnosed
asthma (at 1, 2, 4 or 8 years) based on the sample selection study design, and
informative principal components (eigenvectors 3 and 4) from the ancestry-informative
principal components analysis.
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Table 2. Previously reported SNPs associated with lung function in adults, and
availability of SNPs for analysis in the BAMSE GWAS dataset.
Reference

SNPs

Chromosome

Gene

associated

Associated

Availability in

Final list of SNPs

with*

BAMSE

for the present

dataset

analysis

with lung
function
rs2571445

2

TNS1

FEV1

Proxy, r2=0.96

rs918949

rs10516526

4

GSTCD

FEV1

Yes

rs10516526

rs12504628

4

HHIP

FEV1/FVC

No†

rs3995090

5

HTR4

FEV1

Yes

rs6889822

5

HTR4

FEV1

No†

rs2070600

6

AGER

FEV1/FVC

Yes

rs2070600

rs2395730

6

DAAM2

FEV1/FVC

Yes

rs2395730

rs12899618

15

THSD4

FEV1/FVC

Yes

rs12899618

Hancock et al.

rs1980057

4

HHIP

FEV1/FVC

No†

2010 53

rs1032295

4

HHIP

FEV1/FVC

Yes

rs1032295

rs3817928

6

GPR126

FEV1/FVC

Proxy, r2=1.0

rs11155242‡

rs7776375

6

GPR126

FEV1/FVC

No†

rs6937121

6

GPR126

FEV1/FVC

Proxy, r2=0.94

rs9496346

rs11155242

6

GPR126

FEV1/FVC

Yes

rs11155242

rs2277027

5

ADAM19

FEV1/FVC

Yes

rs2277027

rs1422795

5

ADAM19

FEV1/FVC

Yes

rs1422795

rs2070600

6

AGER

FEV1/FVC

Yes

rs2070600

rs10947233

6

PPT2

FEV1/FVC

No†

rs2869967

4

FAM13A

FEV1/FVC

Yes

rs6830970

4

FAM13A

FEV1/FVC

Yes

rs6830970

rs16909898

9

PTCH1

FEV1/FVC

Proxy, r2=1.0

rs10512249‡

rs10512249

9

PTCH1

FEV1/FVC

Yes

rs10512249

rs1435867

2

PID1

FEV1/FVC

Yes

rs1435867

rs10498230

2

PID1

FEV1/FVC

No†

rs11168048

5

HTR4

FEV1/FVC

No†

rs7735184

5

HTR4

FEV1/FVC

No†

rs17331332

4

NPNT

FEV1

No†

rs17036341

4

NPNT

FEV1

No†

rs11727189

4

INTS12

FEV1

No†

rs17036090

4

INTS12

FEV1

No†

rs17036052

4

FLJ20184

FEV1

No†

rs17035960

4

FLJ20184

FEV1

Yes

rs17035960

rs11097901

4

GSTCD

FEV1

Proxy, r2=1.0

rs10516526‡

rs11728716

4

GSTCD

FEV1

No†

rs3749893

6

TSPYL4

FEV1

No†

rs1052443

6

NT5DC1

FEV1

No†

rs6555465

5

ADCY2

FEV1

Yes

rs6555465

rs7710510

5

ADCY2

FEV1

Yes

rs7710510

Repapi et al.
2010

61

*Associations found in the studies of Repapi et al. 2010 61 and Hancock et al. 2010 53.
†SNP not available, nor proxy at r2>0.9. ‡Proxy was already included in the final list.
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rs3995090

rs2869967

3.4.2 Logistic regression analyses for dichotomous outcomes
Logistic regression models were used to estimate odds ratios (OR) with 95%
confidence intervals (CI) for the effects of environmental factors or gene-environmental
interactions on the binary outcomes. These were development of MI and acute onset of
MI in the SHEEP study (Paper II), and asthma, wheezing and sensitization in the
BAMSE study (Paper III).
SHEEP (Paper II): Logistic regression analysis was used to estimate the risk of
developing MI in relation to air pollution exposure and genetic variants. For long-term
air pollution effects in the case-control study, logistic regression models were adjusted
for age, sex and hospital catchment area. Further adjustment for previously identified
covariates for MI risk32 did not introduce any substantial changes in the results.
Conditional logistic regression was used in the case-crossover analysis for matched sets
of case and control intervals to estimate the acute risk of MI onset in relation to shortterm air pollution exposure. Models in the case-crossover analysis were adjusted for
ambient temperature.
BAMSE (Paper III): Logistic regression analysis was performed to estimate ORs for
current asthma, wheeze and sensitization in relation to genetic factors and tobacco
smoke exposure. Final results are presented in crude (unadjusted) models, since further
adjustment for relevant covariates including sex, mother’s age, breast feeding,
socioeconomic status, environmental tobacco smoke exposure at 1, 2, and 4 years did
not change the results appreciably.
3.4.3 Gene-environment interactions
SHEEP (Paper II): The analysis of gene-environment interactions was performed in
two steps. First a likelihood ratio test was used to assess the significance of models with
interaction, compared to models containing just air pollution and genetic variables
without the interaction term. Each SNP was assessed in additive, dominant and
recessive genetic models. This assessment provided the basis for identifying interaction
patterns and selecting best-fitting models. Secondly, a graphical assessment was
performed to confirm the interaction pattern and best-fitting model, by plotting results
for the unconstrained genetic models (genotype-specific risk), except for PM10
exposure where due to lower statistical power the dominant model for the variant allele
was used.
BAMSE (Paper III): Likelihood ratio testing was performed to assess the significance
of gene-environment interaction parameters, as described for SHEEP above. The
interaction effects of gene polymorphisms and exposure were tested with both a
dominant and an unconstrained (genotype-specific) model. For the TNF interaction
analyses, only dominant models were tested because of the few children with rare
homozygote genotypes (due to a low rare allele frequency).
BAMSE (Paper IV): Assessment of gene-environment interaction for selected top
SNPs in the GWAS data was performed by evaluating the significance of the
interaction parameter coefficient in a regression model that included SNPs coded in the
17

additive genetic model and an interaction parameter (P<0.05 as standard significance
level, and P<0.1 for a suggested interaction).
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4 RESULTS
4.1

CARDIOVASCULAR EFFECTS IN ADULTS

4.1.1 Air pollution and inflammation
Significantly higher IL-6 levels were found after long-term exposure to elevated
residential levels of traffic-related NO2 as well as combustion-heating-related SO2
(Fig. 3). Similarly positive effect estimates were also seen for CRP levels, although
with more marginal significance. 30-year exposure to traffic-NO2 was associated with
an IL-6 level increased by 64.5% (95% CI 6.7% to 153.8%) per 28.8 µg/m3 traffic-NO2
(corresponding to the difference between the 5th and the 95th percentile exposure value),
and 30-year exposure to heating emissions (measured as heating-SO2) increased the
level of IL-6 by 67.6% (95% CI 7.1% to 162.2%) per 39.4 µg/m3 heating-SO2 (5th to
95th percentile value difference). The traffic-NO2 effects appeared to be more
pronounced in non-smokers, physically active people, and in hypertensive individuals,
although the differences in effect across subgroups were not statistically significant.
The pattern of effect modification was similar for heating-SO2. Long-term exposure to
source-specific air pollution was not associated with significant differences in the levels
of TNF-α, fibrinogen or PAI-1.

Figure 3 Effects of long-term exposure to traffic-NO2 and heating-SO2 on IL-6 and CRP levels
in population control subjects from the SHEEP study.
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Analysis of the effects of short-term exposure to elevated urban background levels of
ambient air pollution on blood markers suggested a possible, albeit not statistically
significant, association of increased levels of the inflammatory markers IL-6 and
TNF-α with exposure to NO2 and PM10 0-12 h and 12-24 h before blood sampling, and
CRP levels related to exposure 2 and 5 days before (Fig. 4).

Figure 4 Effects of short-term exposure to ambient NO2 and PM10 on IL-6, TNF-α and CRP
levels in population control subjects from the SHEEP study.

4.1.2 Air pollution and genetic effects on inflammation and myocardial
infarction
Long-term air pollution showed interactions with both IL6 and TNF polymorphisms in
relation to the levels of the respective inflammatory blood markers, and in addition a
consistent tendency for the same pattern was seen for MI risk. For example, long-term
exposure to traffic-NO2 interacted with IL6-174G/C in an additive pattern (Fig. 5, left
panel), where each additional variant C allele was associated with incremental increase
in the air pollution effect on IL-6 levels. The MI risk analogously increased with each
additional variant C allele, for all studied exposure windows (Fig. 5, right panel). A
similar interaction pattern was seen for the IL6-598G/A SNP which was in high LD
with IL6-174G/C (r2=0.93). For TNF, interaction with long-term air pollution was seen
for TNF-308G/A, with the rare homozygote -308AA being associated with elevated
TNF-α levels after long-term exposure both to traffic-NO2 and heating-SO2 (recessive
genetic pattern), and a consistent pattern seen for MI risk, although the statistical power
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of this analysis was limited (Fig. 6). No interactions with long-term air pollution
exposure were seen for coagulation gene variants in FGB and PAI-1.

Figure 5 Gene-environment interactions of the IL6-174G/C variant with long-term traffic-NO2
exposure in relation to IL-6 levels (in population controls) and MI risk (case-control analysis) in
the SHEEP study.

Figure 6 Gene-environment interactions of the TNF-308G/A variant with long-term traffic-NO2
exposure in relation to TNF-α levels (in population controls) and MI risk (case-control analysis)
in the SHEEP study.

The analysis of short-term air pollution exposure interacting with IL6-174G/C and
-598G/A resulted in a reverse pattern, where the variant C or A allele was associated
with decreased IL-6 levels related to air pollution (Fig. 7) The corresponding pattern for
the risk of MI onset across genotypes was relatively concordant, reflecting higher MI
risks from air pollution among subjects lacking the variant allele (common -174GG and
-598GG homozygotes). For these interactions, the best-fitting one degree of freedom
genetic model was the dominant model, especially for 2- and 5-day intervals (Fig. 7).
Similarly, the TNF-308AA genotype was associated with lower levels of TNF-α after
short-term exposure to ambient SO2 (Fig. 8); again, the pattern for MI onset was
similar. Two other TNF SNPs, -863C/A and -1031T/C (in moderate LD, r2=0.69)
showed interactions with short-term PM10 exposure, with common homozygotes
having a positive association of air pollution with TNF-α levels while variant allele
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carriers did not. This pattern was similar for MI onset. No consistent interaction
patterns with short-term air pollution exposure were found for coagulation gene
variants in FGB and PAI-1 in relation to the levels of respective blood markers and MI
risk.

Figure 7 Gene-environment interactions of the IL6-174G/C variant with short-term ambient
SO2 exposure in relation to IL-6 levels (in population controls) and risk of MI onset (casecrossover analysis) in the SHEEP study.

Figure 8 Gene-environment interactions of the TNF-308G/A variant with short-term ambient
SO2 exposure in relation to TNF-α levels (in population controls) and risk of MI onset (casecrossover analysis) in the SHEEP study.

4.2

RESPIRATORY EFFECTS IN CHILDREN

4.2.1 Tobacco smoke and genetic effects on wheezing
Main genetic effects were identified for the TNF-308G/A, GSTP1 Intron 5 and GSTP1
Ala114Val SNPs in relation to current asthma, the ADRB2 Exon 1 SNP in relation to
early-onset wheeze and the TNF-308G/A in relation to allergic sensitization.
Analysis of gene-environment interactions between the selected SNPs and early
maternal smoking identified interactions for TNF SNPs in the promoter region
(-857C/T) and in introns 1 and 3 for early-onset wheeze. The interaction models
indicated higher risk for developing early-onset wheeze related to early maternal
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smoking in wild-type CC homozygotes of the TNF SNPs -857C/T and Intron 1
(OR=2.4, 95% CI 1.6 to 3.7 and OR=2.5, 95% CI 1.6 to 3.8, respectively), while
carriers of the rare T allele of these SNPs did not experience an elevated risk. For
carriers of the rare G allele in the TNF Intron 3 SNP, the suggested increased risk was
even greater (OR=6.1, 95% CI 1.9 to 19.6), while common AA homozygotes had a less
clear increase in risk.
In the dose-response analysis based on the highest number of cigarettes smoked by the
mother per day during any of the pregnancy trimesters (0 [reference], 1-9, and >9
cigarettes), carriers of the common TNF -857 and Intron1 CC genotype showed a dosedependent risk pattern (P<0.001 for trend for both SNPs) and the highest risk of
developing wheeze was detected in children exposed to >9 cigarettes per day (OR=3.4,
95% CI 1.9 to 6.2 (Fig. 9), and OR=3.4, 95% CI 1.9 to 6.2, respectively).
A statistically significant interaction with early maternal smoking was also noted for
some GSTP1 SNPs on transient wheeze. Carriers of the rare T allele in the Introns 5
and 6 SNPs, or the Ile105Val G allele (coding for Val), who were exposed to early
tobacco smoke, had an increased risk of developing transient wheeze, with the highest
OR in children with a rare homozygote genotype (e.g. OR=8.5, 95% CI 1.9 to 37.2 for
GSTP1 Ile105Val rare homozygote Val/Val carriers).

Figure 9 Odds ratios for early onset wheeze in children followed up to 4 years in relation to the
extent of early maternal smoking during pregnancy (no, moderate: 1-9 cigarettes per day, and
high: >9 cigarettes per day), stratified by genetic variation in the TNF-857C/T SNP.
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4.2.2 Tobacco smoke and genetic effects on lung function
When attempting to replicate a main genetic effect on lung function in children, SNPs
in the genes TNS1, ADCY2, ADAM19 showed the strongest and most significant
associations with FEV1/FVC% (Fig. 10). On the other hand, rs12899618 in THSD4 was
consistently associated with both FEV1 and FVC separately, but not with FEV1/FVC%.
For HHIP a suggestive effect on FVC was seen. The minor allele frequencies were
quite similar to what has been reported in the previous studies for all the investigated
SNPs 53 61. Out of 14 combinations of gene and lung function parameters (FEV1,
FEV1/FVC) reported previously as significant findings53 61 that were investigated here,
11 were in the same direction as the original finding. Among the genes with opposite
direction of effect was ADCY2, where positive associations were observed with both
FEV1/FVC% (significant), and FEV1 (non-significant), while Hancock et al. reported a
negative significant association with FEV1 as the discovery finding. 53
Early maternal smoking and current tobacco smoke exposure were associated with
lower FEV1/FVC% and FEV1, although statistically significant only for current
exposure and FEV1/FVC%. Separate analysis of tobacco smoke exposure effects in
asthma cases and in controls did not show major differences.
Since clearer associations were observed for both SNPs and tobacco smoke exposure
with FEV1/FVC%, gene-environment interactions were only tested with this outcome.
Recent exposure at 8 years seemed to interact with the DAAM2 rs2395730, where
variant C allele was associated with 2.1% units lower FEV1/FVC% per allele in
exposed children, but not in unexposed children (P for interaction 0.05). In addition,
there was some suggestion of a positive interaction for ADCY2 rs7710510 and
rs6555465, with variant alleles T and A associated with 2.3% and 2.4% unit higher
FEV1/FVC% in children with recent exposure, but not in children without exposure (P
for interaction 0.1 and 0.08, respectively). Both of these SNPs, as noted above, also
showed a significant main effect in relation to the same phenotype. Another potential
interaction was noted for FAM13A rs6830970 with early maternal smoking, where the
variant G allele was associated with a 2.3% unit lower FEV1/FVC% in exposed
children, but not in unexposed (P for interaction 0.07).
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Figure 10 Genetic effect per variant allele on FEV1/FVC (%) in children at 8 years from the
BAMSE study.
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5 DISCUSSION
5.1

CARDIOVASCULAR EFFECTS IN ADULTS

The present findings support the view that air pollution can affect the levels of certain
inflammatory markers after both long- and short-term exposures to air pollution. At the
same time, these effects can be modified by genetic polymorphisms in inflammatory
genes, determining not only the levels of inflammatory blood markers, but also the
consequent MI risk.
Previous epidemiological and experimental studies have reported contradictory results
for the effects of short-term exposure to air pollutants on levels of inflammatory blood
markers. Experimental exposure of volunteers to PM resulted in increased fibrinogen
levels but showed no association with levels of IL-6, TNF-α, CRP or PAI-1. 18 19 In a
study exposing men with prior myocardial infarction to diluted diesel exhaust, no
changes were detected in the levels of CRP and PAI-1. 20 Short-term exposure to
particulate matter has been associated with an increase in IL-6 levels 21 43 or shown no
relationship. 22 Similarly, some epidemiological studies of short-term PM exposure
reported positive association with CRP levels 22 45 or no association. 21 44 Based on
previous evidence and the present results (Paper I), it is possible that a response to
short-term air pollution exposure has considerable variation, depending on genetic
factors, lifestyle characteristics, or on the nature (chemical composition) of the
pollutant mixture. Potentially, continuous exposure may lead to sustained increased
levels of inflammatory markers and induction of chronic low-grade inflammation
which may modify short-term effects.
The apparent stronger effects of long-term exposure to traffic-NO2 in non-smokers
might be explained by a lack of competing influences from tobacco smoke in inducing
low-grade inflammatory responses.88 Thus, the pulmonary and systemic inflammatory
reactivity to an additional air pollution load may be more difficult to capture clearly in
smokers as compared to non-smokers.
Association of elevated IL-6 levels with coronary heart disease (CHD) and MI has been
reported in several studies, including SHEEP. 36 89 At the same time both air pollution
exposure 21 and genetic variants 42 have been linked to IL-6 levels. However, even for
the widely studied IL6-174G/C variant, there is conflicting evidence regarding its
association with MI. 90-93 In Paper II, a gene-environment interaction was observed for
the IL6-174C allele, with increased IL-6 levels and a consistent trend of increased MI
risk after long-term traffic-NO2 exposure. On the other hand, protective effects in terms
of lower IL-6 levels and risk of MI onset were noted in carriers of the -174C allele after
short-term ambient SO2 exposure. Similar interaction results were seen for
IL6-598G/A, in accordance with its high LD with IL6-174G/C. The studies that have
investigated interaction of IL6 variants with air pollution have shown mixed results, but
overall the existence of some kind of interaction is suggested. For instance, IL6 SNP
rs2069832 modified the effect of air pollution on IL-6 levels in a study of MI survivors.
62
A population-based study found the variant -174C allele to be associated with
increased all-cause mortality risk among 80-year-old subjects only in non-smokers, 64
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while another study in middle-aged men reported -174C allele to be associated with
increased MI risk only in smokers. 65
The present study also identified interactions with TNF gene variants. There have been
conflicting results regarding the association of the TNF-308G/A polymorphism with
MI 94-96. A recent meta-analysis of 24 studies reported an association of the variant
TNF-308A allele with developing CHD (OR 1.5, 95% CI: 1.23-1.77 for -308A allele
carriers compared to common -308GG homozygotes) in Caucasian populations, but not
in other ethnic groups. 97 The present investigation showed increased levels of TNF-α
in TNF-308AA homozygotes associated with long-term exposure to traffic-NO2 and
heating-SO2, while -308G allele carriers did not show any air pollution effect.
However, after short-term exposure to ambient SO2 this pattern was reversed, and
TNF-308AA homozygotes had slightly decreased TNF-α levels as well as an indication
of decreased risk of MI onset. The variant -308A allele has been associated with higher
constitutive and inducible TNF-α levels, 98 and possibly this balance differs after longterm and short-term environmental exposures affecting TNF-α levels.
Interestingly, both IL6 and TNF SNPs showed a reverse pattern of genetic modification
of associations for blood marker levels and MI for long- vs. short-term exposure to air
pollution. One potential explanation might be that when particular genotypes contribute
to an elevation of inflammatory marker levels over a long period of time, certain
saturation occurs. In this case additional stimulus may not result in further increase in
blood marker level. An analogous effect trend was observed for the overall associations
of IL-6 levels with air pollution exposure (Paper I), where long-term air pollution
exposure did not contribute to an increase of IL-6 levels in current smokers, whereas
never-smokers responded with elevated IL-6. In a healthy organism IL-6 is expressed
in low levels and is controlled by a variety of mechanisms, while its expression is
rapidly induced by infection, trauma, or other stress conditions. 99 During the
immediate response to stressors, IL-6 mediates an acute phase response, whereas
persistent activity of IL-6 contributes to a switch from acute to chronic inflammation. 13
The presented results thus confirm the hypothesis of induction of systemic
inflammation due to exposure to air pollution. Several genetic variants in inflammatory
genes were identified that define vulnerable groups of people, where exposure to
elevated levels of air pollution affects both levels of inflammatory markers and
produces a suggested increase in the risk of MI. Further studies are needed to confirm
this genetic effect modification, clarifying also the mechanisms that may underline
varying response to long-term vs. short-term air pollution exposure. Future research in
this direction may form a basis for advice regarding preventive measures (e.g.
avoidance of air pollution exposure) for susceptible groups, as well as for developing
therapeutic interventions.
5.2

RESPIRATORY EFFECTS IN CHILDREN

The present results indicate the presence of gene-environment interactions between
early maternal smoking and TNF and GSTP1 polymorphisms in relation to
development of early onset wheeze in children up to 4 years of age. Among the
investigated SNPs previously associated with lung function in adults, several
associations were also reproduced in children, with identifying suggestive interaction of
DAAM2 variant with tobacco smoke exposure.
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Previous studies of interaction between tobacco smoke exposure and TNF
polymorphisms in relation to respiratory symptoms in children focused mainly on the
TNF-308G/A SNP. This polymorphism modified the risk for respiratory illness-related
school absences associated with second-hand smoke exposure, with -308A carriers
exposed to tobacco smoke having higher risk than unexposed homozygotes for the
common -308G allele. 71 An increased risk of childhood asthma for the rare TNF -308A
and -238A alleles was seen for children of non-smoking parents, while among children
with smoking parents none of the studied TNF polymorphisms were associated with
asthma. 72
In the present study, a greater range of variants across the TNF gene were investigated.
The basis for investigating the interaction of TNF SNPs in Paper III was primarily the
biological hypothesis of involvement of inflammation (with induction of proinflammatory TNF-α) in the pathogenesis of respiratory symptoms caused by tobacco
smoke exposure. Notably, a main genetic effect of the TNF -308G/A SNP was detected
on current asthma and sensitization, whereas interaction with early maternal smoking
was seen for other TNF variants, which, to our knowledge, were not previously
investigated in terms of an interaction with in utero tobacco smoke exposure. The
selection of SNPs for interaction analysis without considering their main genetic effects
has been discussed, and is based on the view that SNPs with modest genetic effects
under the influence of an environmental factor have more profound, and potentially
better detected, effects.100 In the present study, a clear dose dependent effect was also
seen in children with the risk genotypes, which supports the biological relevance of
findings.
Potential explanations for detecting interactions with the TNF -308G/A variant in other
studies, but not in the present study, may be related to the study design: different
outcomes, age of participants, and consideration of various time windows of tobacco
smoke exposure. The results in the present study were highly concordant for the
TNF-857C/T and Intron 1 SNPs due to a high linkage disequilibrium between them
(r2=0.93). It is also possible that the TNF -857C/T, Intron 1, and -308G/A SNPs may be
linked to other functionally important polymorphisms within the gene, with different
linkage disequilibrium patterns in different populations.
Differences in host detoxification ability, including antioxidant defense (where GSTP1
is an integral part), may determine the balance between resolution or progression of
inflammation after exposure to an environmental trigger. 101 Most studies have focused
on the coding GSTP1 Ile105Val SNP. Conflicting results have been reported regarding
a possible protective effect of the variant homozygote GSTP1 Val105Val genotype for
allergy and asthma. 76 102 103 Children carrying a Val105 allele exposed to in utero
tobacco smoke have even been reported to have about twice the risk of current
wheezing and early-onset asthma as compared to Ile105Ile homozygote children
without TS exposure. 70 Significant gene-environment interaction has also been found
for the Ile105Val polymorphism in Taiwanese children, where Ile105 homozygotes
exposed to high levels of air pollution had significantly higher risk of asthma compared
to Val105 carriers exposed to low levels. 73 A previous report from the BAMSE cohort
identified an increased risk of allergic sensitization in children with the GSTP1 Val105
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allele exposed to elevated levels of traffic-related air pollution compared to the risk in
exposed Ile105 homozygotes. 76 In the present study there were indications of an
interaction between early maternal smoking and three GSTP1 SNPs, including the
Ile105Val SNP (Val carriers having the highest risk also in this study), in relation to the
development of wheeze, which supports a role of GSTP1 in relation to environment
exposures and asthma-related traits in children. Further research could extend these
findings by addressing issues of the functional activity of TNF and GSTP1 SNPs, as
well as the type and critical time intervals of environmental exposures that may be of
particular importance for various asthma-related phenotypes.
As opposed to identifying gene-environment interactions in the first place, another view
suggests instead first identifying or exploring the genetic variants with strong main
genetic effect, and then testing them for interactions. Given the availability of emerging
data from GWAS studies, it seems tempting to use this opportunity for identifying
interactions, using the GWAS findings as candidate gene input for detailed geneenvironment analysis. At the same time, full-scale genome-wide interaction studies are
not numerous at present and they face challenges in reliably detecting significant
interactions, as discussed in more detail under 5.3 below.
In Paper IV, top SNP findings from adult GWAS studies associated with lung function,
were thus tested in BAMSE data in terms of replication of main genetic effects, as well
as for interaction with TS exposure in relation to lung function in children. Variants in
the genes TNS1, ADCY2, ADAM19 and THSD4 showed the strongest and most
consistent association with lung function in children, with possible association also for
HHIP. Functionally, apart from the reported association with lung function, 53 61 the
mentioned genes are involved in the processes of inflammation, morphogenesis, and
healing of injury. The ADAM metallopeptidase domain 19 gene (ADAM19) is
expressed in the apical part of the bronchial epithelium, as well as in smooth muscle
and inflammatory cells, which suggests involvement in early immune defense
mechanisms and perpetuation of the inflammatory process. 104 The THSD4 gene codes
the thrombospondin, type 1, domain-containing protein 4, which shows homology with
other members of the thorombospondin gene family implicated in wound healing,
inflammation, and angiogenesis. 105 Both tensin 1(TNS1) and HHIP genes showed an
association with adult height in a recent meta-analysis. 106 The hedgehog interacting
protein gene (HHIP) is involved in the hedgehog signaling pathway, which influences
lung development 107 and is activated in the airway epithelium during repair of acute
injury. 108 A genome-wide association study of pulmonary function in the Framingham
Heart Study identified a region on chromosome 4q31 near the HHIP gene to be
associated with percent predicted FEV1/FVC. 109 In another study the HHIP variant
rs13118928 was associated with FEV1/FVC, fat-free body mass and chronic
obstructive pulmonary disease (COPD) exacerbations, but not with smoking intensity.
110
In the present study, the rare allele of HHIP rs1032295 showed a negative
association mainly with FVC, suggesting an early influence on development of lung
volume, with potential adult consequences.
In terms of interactions investigated in the present study, children with recent exposure
to tobacco smoke at 8 years showed a potential interaction of TS exposure with variants
in the disheveled associated activator of morphogenesis 2 (DAAM2) and adenylate
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cyclase 2 (ADCY2) genes in relation to lung function at 8 years. Suggestive interaction
was also shown for early maternal smoking with variants in FAM13A gene in relation
to lung function at 8 years. The ADCY2 gene has been identified in a set of genes
reported to affect smoker’s abilities to quit smoking. 111 The family with sequence
familiarity 13, member A gene (FAM13A) contains two linked SNPs (rs1903003 and
rs7671167) which were associated with COPD, but not with pack-years of cigarette
smoking in three cohorts of current or former smokers. 112 This finding was replicated
in two COPD cohorts, which confirmed the association of the FAM13A SNP rs7671167
with lung function. 110
Gene-environment interactions identified in the present study confirm the hypothesis
that tobacco smoke exposure induces inflammatory response with negative
consequences for respiratory system both in terms of clinical symptoms of wheezing,
but also in terms of lung function in children. When studying environmental exposures
in children, it is very important to identify the most sensitive exposure time windows in
order to adequately support any suggested measures to protect children’s health. The
present study suggests negative effects on respiratory system of both early (peri-natal)
and later (at 8 years) childhood TS exposures. Children carrying certain genotypes were
suggested to be more susceptible to the negative effects of tobacco smoke exposure,
which, after further confirmation in epidemiologic and functional studies, may be
useful for reinforcing counseling to parents aimed for avoidance of harmful exposures.
5.3

METHODOLOGICAL CONSIDERATIONS

Sample size
The studied populations in both SHEEP and BAMSE studies were large and both were
characterized by relatively high participation rates. There was quite good statistical
power to detect gene-environment interactions, especially in the SHEEP study with
blood marker levels as an outcome (Paper II). However, there was more of an issue
with statistical power when investigating interactions with genetic variants of low
minor allele frequency, e.g. some in the TNF and IL6 genes (Papers II and III). In the
lung function replication study (Paper IV), the study population included asthma cases
and controls on whom there was genome-wide genetic data available. Although this
sample size had rather low power to study genetic associations, it was nevertheless
possible to replicate several of the top adult SNP findings, and consistency of direction
was quite encouraging. Most of these SNPs were relatively common due to the
selection of tagging SNPs for GWAS chips, which was helpful for power. For
investigating gene-environment interactions with these SNPs, however, the lack of
power became more obvious. Larger studies are necessary to investigate the effects of
rare genetic variants interacting with environmental factors, which may include
international collaborations. However, such studies should include populations with
rather similar environmental factors, and aim for as much ethnic and genetic
homogeneity as possible in order to successfully address the gene-environment
interactions.54
Exposure assessment
The adult studies in SHEEP presented here are unique in addressing in the same
population effects on inflammation and coagulation blood markers (Paper I) and gene30

environment interactions (Paper II) of both long and short-term exposures to air
pollution. Consequently, it was feasible to identify exposure time windows of higher
risk, compare the differences between various time periods and between individual
pollutants (short-term) or source-related pollution mixes (long-term).
Long-term air pollution exposure was assessed using spatial modeling of emissions at
each subject’s residential addresses up to 30 years retrospectively, taking into account
changes of residence. This method relies on retrospective emissions estimates over a
long period of time, which can contribute to exposure measurement error. Nevertheless,
this is likely to be a non-differential misclassification, resulting in attenuation on
average of estimated effects. The variables used were designed as indicators for
different pollution mixes (traffic-related exhaust or heating-related emissions).
Therefore, it is difficult to disentangle the specific inflammation-inducing agent, given
that both gaseous and particulate compounds of air pollution may be capable of
inducing an inflammatory response in the lungs. The estimates of air pollution exposure
were based on residential addresses, and do not address exposures at work, travel and
leisure activities. However, some of the most relevant exposures, such as occupational
exposure to diesel and motor exhausts, were assessed separately for their potential
confounding effect. No strong confounding was identified by these exposures. Since
the traffic-NO2 and heating-SO2 variables are emission-based indicators for sourcerelated pollutant mixtures, they represent local emission sources and do not incorporate,
for example, long-range or transboundary air pollution. Long-range transport would not
normally, however, be expected to contribute significantly to inter-individual variation
within a defined geographical area. More sophisticated models of retrospective
estimation of air pollution exposure could possibly be elaborated based on developing
monitoring procedures and growing international collaboration in this field.
Short-term exposure to air pollution was estimated based on arithmetic means of hourly
inner-city ambient rooftop measurements. Such estimates mainly reflect temporal, but
not geographical variation, since the pollutant levels vary over the relatively large
geographical study area and, for example, can be lower in suburban areas. This
exposure assessment methodology is commonly used for studies of short-term variation
in air pollution levels and its usefulness relies on the assumption that although absolute
levels may vary across the study area, the central measurements reflect well the
variation in exposure levels in different locations. This argument is stronger for a timeseries design, however, and more misclassification of exposure might be expected in a
cross-sectional study, but such misclassification of exposure would likely be
independent of the measured outcomes, resulting in some loss of power and attenuation
on average of estimated effects. For a better estimation of short-term air pollution
exposure, a more targeted sampling of subjects focusing on the vicinity of monitoring
stations as well as modeling of levels more distant from the stations could be ways
forward.
Exposure to tobacco smoke was assessed based on the information from questionnaires
in the BAMSE study. It was collected repeatedly, also prior to any adverse health
symptoms (wheeze or asthma), which enabled non-biased exposure estimates,
especially for very early (in utero) exposures. The available tobacco smoke exposure
information is detailed on both extent and timing, from pregnancy and up to 8 years of
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age. Such data potentially provide a basis for identifying the most important exposure
time windows (intrauterine exposure, postnatal, current). However, as often noted in
studies of early tobacco smoke exposure, it is difficult to disentangle exposure during
pregnancy with early postnatal exposure, since smoking mothers usually smoke during
both periods,113 and it is hard to get enough statistical power for specific pre-natal and
post-natal exposures. Information on passive smoking of pregnant mothers was also not
available in the present study. It could also be advantageous in future studies to include
objective measurements of tobacco smoke exposure, for example cotinine levels in
blood, urine or saliva of a pregnant mother and a child, although this only reflects
relatively short-term exposure.
Outcome definitions
Data were available in the SHEEP study to assess the effects of air pollution and geneenvironment interactions on both intermediate outcomes reflecting the risk of disease
development (IL-6, TNF-α and others), as well as on the final outcome, myocardial
infarction.
Blood samples were analyzed at the Department of Clinical Chemistry, Karolinska
Hospital, in a random, blinded manner to reduce any bias. The assessment of blood
marker levels was based only on one reading per subject, and will be affected by
measurement error and intra-individual variation related to circadian rhythms,
inflammatory conditions, stress levels, etc. Again, such measurement error should
result in some power loss and tendency to attenuation of estimated effects. In future
research it could be advisable to reduce such effects by increasing the study population,
as well as by performing multiple sampling in the same individual accompanied by
information on any relevant characteristics affecting short-term variation.
MI cases were identified using standard diagnostic criteria accepted by the Swedish
Association of Cardiologists in 1991.78 The exact time of MI symptoms onset,
necessary for the case-crossover analysis (Paper II) was determined primarily using the
information from medical clinics. The study of genetic factors was limited to non-fatal
MI cases who had provided a blood sample, leaving open the question of whether
genetic variants affecting susceptibility to air pollution effects may be differently
represented in fatal MI cases. For testing the causative pathway of gene-environment
interactions affecting inflammatory marker levels with consequent effect on the risk of
MI, it would be advantageous to separately investigate both fatal and not fatal MI as an
outcome.
Wheezing up to 4 years assessed in children in the BAMSE study was based on
information from repeated detailed questionnaires. Specifically for the assessment of
effects of early maternal smoking exposure (during pregnancy), it could be useful to
measure the levels of inflammatory markers (e.g. TNF-α) in children at birth. Such
measurements were not available in the present study. Lung function was tested in
children at 8 years. All children performed several maximum expiratory flow volume
measurements (MEFV), the MEFV curves passed visual quality inspection, and the two
highest readings were reproducible according to ATS/ERS criteria.85
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Multiple testing
In the exploration of gene-environment interactions of candidate genes, in both the
SHEEP and BAMSE studies, adjustment for multiple testing was not applied. All genes
were selected based on a strong prior biological hypothesis, reflecting inflammatory,
antioxidant or coagulation responses of the body to air pollutants, and the focus of most
analyses was on characterization of an expected association and estimation of effects.
Moreover, the number of tests actually performed is extremely difficult to ascertain.
The conservative Bonferroni correction, for example, requires independent
observations, which does not apply to the studies presented here on several counts:
firstly, the air pollution acts as a mix, not as individual pollutants, secondly, SNPs in
the genes are in linkage disequilibrium with more or less correlation, and thirdly, the
studied outcomes are often inter-related (for example, CRP is produced in response to
IL-6 increase in the blood, or wheezing and asthma phenotypes can be mutually
inclusive). In genetic analyses, multiple correction is applied in GWAS studies, where
exploration of genetic associations with an outcome is completely hypothesis-free and
most tested associations are known at outset to be null, a situation that is quite different
from the present studies. Even in Paper IV, the SNPs included for replication in
children with respect to lung function had high prior probability of yielding true
associations, having been both discovered and replicated in adults in the original
publications.53 61 However, in genome-wide interaction studies, multiple correction may
also hinder the discovery of true interactions, as noted above.54
Gene-environment interactions
Many studies have explored causative environmental factors, as well as genetic
associations in complex multifactorial diseases. However, there are still missing pieces
of the puzzle, such as the often discussed “missing heritability” that even GWAS
studies do not seem to be able to find,114 or the fact that not everyone exposed to
particular environmental agent develops a disease. It seems that focusing on studying
gene-environmental interactions in the development of a disease may be a suitable way
forward. 74 100
As mentioned above, different approaches to the study of gene-environment
interactions have been suggested. One approach advocates that first disease-associated
genes (or their variants) should be identified, and then studied in terms of their
interaction with environmental exposure. This approach was applied in the study of
lung function in children (Paper IV). Several SNPs associated previously with lung
function in adults were replicated. These SNPs fall quite well into expected biological
models, since some of them are involved in inflammatory processes and wound
healing. However, testing interactions of these SNPs with TS exposure resulted in
much more modest results, reflecting lack of power and possibly also that the most
obvious gene-environment interactions are not necessarily related to the genes with
strongest average overall effects.
Another approach therefore suggests that the marginal effects of genetic variants may
often be overpowered by the influence of environmental factors, leading to more
pronounced effects to be seen when gene-environment interaction is considered. 73 74 100
Here, searching for interactions becomes a first and primary goal. This approach was
applied in the present study (Papers II, III), with interesting results which confirmed
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underlying biological hypotheses and even highlighted unexpected trends in geneenvironment interactions (opposite direction of effect on inflammatory blood marker
levels in specific genotypes after long-term versus short-term exposure to air pollution,
with similar opposite trends for long- and short-term MI risk). Supposedly, the success
of candidate gene interaction studies is based on studying relatively homogenous
environmental exposure as well as ethnic groups (reflecting genetic homogeneity).54 In
addition, the environmental exposure assessment may be better optimized in such a
homogenous setting. These pre-requisites are often not present in genome-wide
interaction studies, where due to the requirement of very high statistical power, large
groups of individuals are recruited, calling for international collaborations across
heterogeneous populations, exposures and studies. Therefore, there are not many GWIS
published to date, and so far they have not been successful in identifying significant
gene-environmental interactions, including even those reported previously from
candidate gene interaction studies.54
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6 CONCLUSIONS
•

Exposure to moderate levels of air pollution appears to increase serum levels of
inflammatory markers in adults. For instance, long-term exposure to local
traffic- or residential heating-related air pollution was associated with increased
serum IL-6 levels, and a positive association was suggested also for short-term
exposure to NO2 and PM10 for IL-6, TNF-α and CRP.

•

Variants in inflammatory genes can modify the intensity of inflammatory
response to air pollution, with likely consequences for the MI risk. In the
present study, SNPs in IL6 and TNF were seen to modify the effect of long- and
short-term exposure to air pollution on the levels of inflammatory markers in
healthy adult subjects. Effects by long- and short-term air pollution,
respectively, on long-term MI risk and acute MI onset closely followed patterns
of effects on inflammatory markers across genotype groups for these modifier
SNPs.

•

Variants in genes related to inflammation and antioxidant defense appeared to
affect respiratory symptoms in children exposed to tobacco smoke. The risk of
early childhood wheeze associated with early maternal smoking was seen to be
modified by TNF and possibly also GSTP1 polymorphisms. Several SNPs in
both genes (coding, promotor, intronic) showed interaction.

•

Adult lung function genes are likely to be important already for lung function in
childhood. Their interaction with early tobacco smoke exposure requires further
study. Among a set of recently identified genes from GWAS of adult lung
function, TNS1, ADAM19, THSD4 and ADCY2 variants were significantly
associated also with lung function in children, with a consistent direction of
effect replicated for most genes. Variants in DAAM2 may modify the effect of
exposure to tobacco smoke on lung function in children.

•

It is possible that the identified genetic variants that appear to predispose
individuals to adverse cardiovascular and respiratory effects of exposure to
ambient air pollutants or tobacco smoke, together with genetic variants
identified in other studies, may at a future point in time provide a basis for
preventive testing and advice regarding avoidance of pollutants (such as
stopping tobacco smoke exposure, moving to cleaner area). Achieving a
sufficient predictive value beyond present clinical evaluation is, however, likely
to be very challenging, and may only become relevant in settings of expected
high exposures, e.g. occupational settings. The cornerstone of prevention is
likely to remain a broad general advice and measures to minimize exposures in
society.

•

More importantly, the results also contribute to the knowledge regarding
mechanisms of adverse effects, in illustrating the interaction between
environment and the human organism, as represented by the genetic
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background. This is likely to contribute in guiding further research on the topics
of health effects of ambient air pollution and tobacco smoke exposure. Such
information may also potentially be useful for designing therapeutic
interventions.
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7 SAMMANFATTNING PÅ SVENSKA
Exponering för luftföroreningar kan ge upphov till låggradig systemisk inflammation
med konsekvenser för både det kardiovaskulära och det respiratoriska systemet. Det
övergripande syftet med denna avhandling var att undersöka effekter av
luftföroreningar för att utveckla komplexa inflammatoriska sjukdomar (hjärtinfarkt och
luftvägssjukdom), och att identifiera genetiskt känsliga grupper för dessa effekter.
De två studiepopulationerna hämtades dels från en fall-kontrollstudie av hjärtinfarkt
(SHEEP) och dels från en födelsekohort (BAMSE). Från SHEEP inkluderades i denna
studie 1192 förstagångs fall av hjärtinfarkt i åldrarna 45-70 år från Stockholms län
1992-1994, samt 1536 matchade populations kontroller från samma studiebas.
Deltagarna besvarade frågeformulär och genomgick läkarundersökning samt
blodprovstagning. Deras exponering för luftföroreningar skattades retroaktivt både på
lång (1-30 år) och kort sikt (12 timmar - 5 dagar). NO2 användes som indikator för
utsläpp från vägtrafiken och SO2 som indikator för utsläpp från bostadsuppvärmning.
Från BAMSE-kohorten, som rekryterade totalt 4089 nyfödda barn under perioden
1994-1996 i fyra kommuner i Stockholms län, inkluderades i denna studie 497 barn
med astmabesvär och 485 kontroller utan astmabesvär vid 4 års ålder, och 198 barn
med astma och 192 kontroller utan astma vid 8 år. Frågeformulär fylldes i av
föräldrarna när barnen var ca 2 månader, 1 2, 4 och 8 år. Barnen bjöds också in till
läkarundersökning och blodprovstagning vid 4 och 8 års ålder.
Hos vuxna visade långvarig exponering för både trafik-NO2 och uppvärmnings-SO2 ett
samband med IL-6 nivåer i blodet. Exempelvis var 30 års exponering för trafik-NO2
förenad med 64,5% (95% CI 6,7 till 153,8%) ökning av IL-6 i serum per 28,8 μg/m3
(motsvarande skillnaden mellan det 5:e och 95:e percentilvärdet för exponering).
Positiva men icke-signifikanta samband sågs också mellan kortvarig exponering för
trafikrelaterade luftföroreningar och inflammatoriska markörer (IL-6, TNF-α).
Gen-miljö interaktioner observerades för flera IL6- och TNF-SNPar (SNP = single
nucleotide polymorphism, dvs naturligt förekommande genetiska varianter) i
förhållande till inflammationsmarkörer i blod. Exempelvis interagerade exponering för
trafik-NO2 sista året med IL6-174G/C på så sätt att luftföroreningseffekten på IL-6
nivåer ökade med varje ytterligare IL6-174C-allel, och exponering för uppvärmningsSO2 sista året var förenat med högre TNF-α nivåer hos TNF-308AA homozygoter men
inte hos personer som var bärare av -308G. Även kortvariga exponeringar för
luftföroreningar interagerade med IL6 och TNF i förhållande till markörnivåer. Risken
för hjärtinfarkt följde väl det mönster som sågs för effekten på blodmarkörer i varje
genotypgrupp.
Hos barn sågs en samverkan mellan moderns rökning under graviditet och/eller
spädbarnstid och 3 TNF-SNPar med avseende på astmabesvär i tidig ålder. Oddskvoten
för att utveckla tidiga astmabesvär i relation till moderns rökning var 2,4 (95% CI 1,63,7) hos barn med genotypen TNF-857CC (homozygota för normalallelen C), medan
ingen tobaksrelaterad risk sågs hos barn som bar på den sällsynta -857T-allelen. En
antydd interaktion med moderns tidiga rökning sågs också för 3 GSTP1-SNPar i
förhållande till tidiga men efter 2 år övergående astmabesvär. SNPar i generna TNS1,
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ADAM19, THSD4 och ADCY2 som identifierats i genomwide-analyser av lungfunktion
hos vuxna visade samband med lungfunktion också hos barn; DAAM2 rs2395730
visade antydd interaktion med aktuell exponering för tobaksrök vid 8 års ålder.
Sammanfattningsvis visar resultaten att luftföroreningar modifierar nivåerna av
inflammatoriska markörer i blod, och att denna effekt kan ändras av polymorfier i gener
kopplade till inflammation, med påverkan både på blodmarkörer och
hjärtinfarktriskrisk. Polymorfier i gener som kodar för inflammationsmarkörer (TNF)
och antioxidativa enzymer (GSTP1) verkar också kunna modifiera effekten av tidig
exponering för tobaksrök på astmabesvär i tidig barndom. Ett flertal genvarianterer av
vikt för lungfunktion hos vuxna verkar även påverka lungfunktionen hos barn.
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