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Abstract
Marked international differences in rates of asthma and allergies and
the importance of family history highlight the primacy of interactions
between genetic variation and the environment in asthma etiology. En-
vironmental tobacco smoke (or secondhand smoke), ambient air pollu-
tants, and endotoxin and/or other pathogen-associated molecular pat-
terns are the ambient exposures studied most frequently for interactions
with genetic polymorphisms in asthma. To date, results from the liter-
ature remain inconclusive. Most published studies are underpowered
to study interactions between genetic polymorphisms and ambient ex-
posures, each with weak effects. Strategies to increase power include
cooperation across studies to increase sample sizes and improve mea-
sures of both exposure and asthma phenotypes. Genome-wide associa-
tion studies hold promise for identifying unexpected gene environment
interactions, but given the statistical power issues, candidate gene asso-
ciation studies will remain important. New tools are enabling the study
of epigenetic mechanisms for environmental interactions.
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LPS:
lipopolysaccharide

RISK FACTORS FOR ASTHMA
Asthma is defined as a chronic inflammatory
disorder of the airways (61). Despite decades of
research, the causes of asthma remain obscure.
Asthma has few strong and well-established risk
factors. Family history of asthma and allergies
is a strong and consistent risk factor, high-
lighting the importance of genetics in asthma
etiology. Having one affected parent increases
risk by about twofold, and having two affected
parents increases risk by about fourfold (53).
However, asthma is not just a genetic disor-
der. In addition to family history, one of the
few other strong risk factors for asthma is living
in a developed country. Over the past decade,
the International Study of Asthma and Aller-
gic Diseases in Children (ISAAC) has clearly
demonstrated the higher prevalence of asthma
and allergy in more developed countries, which
does not reflect simply diagnostic preferences—
asthma symptoms mirror trends in diagnosis
(38). These studies also demonstrate that ge-
netic differences among ethnic groups across
the world do not explain the variation in rates
of illness; children in Hong Kong have much
higher rates of asthma and allergies than do
genetically similar children in mainland China
(38). Along with other data, international stud-
ies highlight the environment’s role in asthma
risk. In combination with the consistent associ-
ation with family history, the international data
point to the primacy of interactions between ge-
netics and the environment in asthma etiology.

Reasons for the marked international vari-
ation in rates of allergy and asthma remain
obscure. The hygiene hypothesis has emerged
as a popular explanation. The hygiene hypoth-
esis was first developed to explain the reduced
rates of allergy among children with older
siblings (33, 77). The underlying idea is that
increased exposure to microbes and their prod-
ucts during the critical early period of im-
mune maturation protects against development
of allergic responses to common environmen-
tal antigens, such as dust mites, fungi, cock-
roach, and pollens, which are ubiquitous in
places with both high and low prevalence of al-

lergy and asthma. Although abundant epidemi-
ology supports the hygiene hypothesis, not all
of the epidemiology fits. A scenario that has
provided supporting data for the hygiene hy-
pothesis is the protection from allergies con-
ferred by growing up on small farms in parts
of Europe, where children live in close prox-
imity with livestock (82). The specific expo-
sure responsible for the protection against al-
lergies afforded by this rural lifestyle is not
known, but most of the epidemiologic studies
have focused on endotoxin, which can be mea-
sured in house dust. Endotoxin, or biologically
active lipopolysaccharide (LPS), a component
of the cell walls of gram-negative bacteria, is
only one of the pathogen-associated molecular
patterns (PAMPs) that may play a role. More
recent studies are examining other PAMPS,
including peptidoglycan, from gram-positive
bacteria, and beta-glucans, from fungi. Given
that the specific agent responsible for the pro-
tective effect of rural upbringing is unknown,
the exposure metric in some studies of gene-
environment interaction in relation to allergies
or asthma is simply growing up on a farm or self-
reported contact with farm and other animals.

Atopy, or the tendency to mount an im-
munoglobulin E (IgE) response to common
antigens in the environment, is one of the few
other factors strongly and consistently associ-
ated with asthma, especially in children (61).
However, much asthma, even in children, oc-
curs without atopy. New asthma in adults, in-
cluding occupational asthma, frequently occurs
without atopy. In considering factors that may
explain international variation, one should note
that the patterns of variation in atopic and
nonatopic asthma likely diverge and that fac-
tors related to the hygiene hypothesis probably
better explain atopy than asthma per se. For ex-
ample, increasing evidence suggests that early
exposure to endotoxin might protect against
atopy but may increase risk of nonatopic asthma
(22). Viral infections are an important cause of
asthma exacerbations, but whether they lead to
the development of asthma, as opposed to early
wheezing phenotypes, is less clear (61).
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Family history, living in a developed coun-
try, and atopy are strong risk factors for asthma;
effects of ambient environmental exposures
may be more subtle. Environmental tobacco
smoke (also called secondhand smoke) is a very
consistent, albeit weaker (relative risk about
1.30) risk factor for the development of asthma
in children (83). This association has been es-
tablished using crude questionnaire metrics of
exposure: generally whether mother smoked
during pregnancy and whether mother, father,
or other household residents smoked when the
subject was a child.

Although extensive data document the role
of ambient air pollution in asthma exacerba-
tion, fewer studies address whether air pollution
induces asthma. The paucity of data is not
surprising, given that long-term prospective
studies are needed to address this question.
Furthermore, even in prospective data, it can
be difficult to say when asthma began; date of
diagnosis may be a poor proxy for the onset of
disease. However, in recent years, a growing lit-
erature suggests that ambient air pollution can
lead to the development of asthma phenotypes
(31, 56). In general, these associations tend to be
modest, with relative risks of less than 1.4. Am-
bient ozone and measures of exposure to traf-
fic have been associated with asthma incidence.
In some studies of traffic-related air pollution,
exposure is based on simple measures such as
distance to busy roads; others include measure-
ments of related pollutants such as particulate
matter and/or nitrogen dioxide.

SUSCEPTIBILITY TO
PULMONARY RESPONSES TO
ENVIRONMENTAL POLLUTANTS
RELEVANT TO ASTHMA

When studying weak effects of environmental
pollutants, susceptibility is important. In addi-
tion to diet and early life factors, genetics ap-
pears to influence susceptibility to air pollution.
If only a portion of the population experiences
an adverse respiratory effect of an ambient pol-
lutant and the magnitude is modest, associa-
tions will be difficult to detect in epidemio-

TLR: toll-like
receptor

logic studies that do not distinguish between
relatively susceptible and resistant populations.
In 1991, McDonnell (57) pointed to the role
of susceptibility to acute effects of ozone. He
reported that the drop in pulmonary function
(FEV1) in response to acute ozone exposure
tends to track within an individual when mea-
sured on different days. This pattern of greater
between-subject than within-subject variabil-
ity in response to ozone suggests a measure of
genetic control. Subsequent studies of inbred
mouse strains confirmed a genetic component
in respiratory responses to ozone. Quantitative
trait linkage studies have identified loci involved
in respiratory responses to ozone including air-
way inflammation, permeability, and airway hy-
perresponsiveness (42, 43, 66). Later in silico
analyses of mouse strains suggest that differ-
ent phenotypes of response are controlled by
different loci (73). Specific genes identified in
mice include tumor necrosis factor alpha (TNF )
and toll-like receptor 4 (TLR4 ). Animal stud-
ies have also been performed on the genetics
of response to particulate air pollution, but it
has been more difficult to find specific genes
involved in response variations (9, 62, 63). Un-
like ozone, particles are a complex mixture, and
we lack understanding of the specific compo-
nents responsible for respiratory effects. Thus,
choosing particle mixtures that are representa-
tive of the biologically active ambient exposure
in humans is difficult. Of note, there appears
to be some overlap in loci of response to parti-
cles and ozone; TLR4 may be involved in both
(9, 62). The animal studies generally examine
acute or subchronic exposure. Long-term ex-
posures may be more relevant for development
of asthma, and it is conceivable that the genetic
basis of some biologic responses may differ for
acute and chronic exposure. Thus human co-
hort studies will be important in identifying
susceptibility genes.

Endotoxin, or biologically active LPS, ac-
counts for some of the inflammatory properties
of ambient particulate matter (2). Comparable
to the ozone literature, evidence exists for ge-
netic control of endotoxin response. It has long
been known that certain inbred mouse strains
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Genetic
polymorphism: a
difference in DNA
sequence among
individuals in a
population leading to
one allele at a given
locus

Single nucleotide
polymorphism
(SNP): DNA
sequence variations
that occur when a
single nucleotide (A,T,
C, or G) in the genome
sequence is altered

(such as C3H/HeJ and C57BL/10ScCr) do not
respond to endotoxin, rendering them suscep-
tible to gram-negative sepsis. Missense muta-
tions in the murine TLR4 gene were found to
underlie this endotoxin resistance (65). Sub-
sequently, two common functional polymor-
phisms in the coding region of human TLR4
(Asp299Gly and Thr399Ile) correlated with
variability in the acute spirometric response
to inhaled LPS (1). As described above, TLR4
also plays a role in variability in ozone re-
sponse among inbred mouse strains. However,
TLR4 does not explain all the variability in ei-
ther murine or human reactions to endotoxin—
many polymorphic genes, including CD14 and
many others, are involved in mechanistic path-
ways of reponse to this exposure (14, 54).

Environmental tobacco smoke is the most
well-studied environmental exposure with
respect to genetic interactions in asthma in
humans. However, we are not aware of ex-
perimental data demonstrating the specific ge-
netic bases of susceptibility in animal models.
Parental history as a questionnaire-based proxy
for genetic susceptibility interacts with mater-
nal smoking during pregnancy in relation to the
risk of early-onset persistent asthma in children
(53), which suggests that specific genetic inter-
actions may exist. Although the first generation
of asthma genetics studies had little informa-
tion on environmental exposures, most studies
included at least one question about parental
smoking. Reanalysis of asthma linkage data in-
dicates different linkage peaks by strata of expo-
sure to parental smoking (13, 17, 58); however,
these studies do not indicate the specific genes
responsible.

SELECTING GENES TO STUDY
FOR INTERACTION WITH
ENVIRONMENTAL FACTORS
IN RELATION TO ASTHMA

Given the experimental and other data, the ra-
tionale is compelling for studying the interac-
tion between genetic variation and exposure
to environmental pollutants in epidemiologic
studies. The issue that arises is how best to se-

lect specific genetic polymorphisms to exam-
ine for effect modification with environmental
exposures in asthma. An obvious class would
be genes clearly implicated in asthma etiol-
ogy. Some of these could work by modify-
ing the impact of inhaled pollutants. Although
several asthma genes have been identified in
family-based studies using positional cloning
(ADAM33, PHF11, DPP10, GPRA) (81), they
have not been consistently replicated. Associa-
tion studies have shown some relation between
asthma and a much larger group of candi-
date genes, chosen generally on mechanistic
grounds and/or location in linkage regions.
Given the importance of inflammation in the
asthma phenotype, genes involved in inflam-
mation and innate immunity have been most
frequently studied. However, in a review of as-
sociation studies published through December
2007, Vercelli has appropriately concluded that
the literature remains indeterminate regarding
which genes underlie asthma risk (81).

A new way to identify genes for asthma,
or other diseases, is through genome-wide as-
sociation studies based on dense single nu-
cleotide polymorphism (SNP) genotyping. The
only genome-wide SNP association study of
asthma, published in April 2008, identified a
single gene: ORMDL3 (59). SNPs in ORMDL3
have been associated with asthma in subsequent
studies (26, 34, 79, 89). Additional genome-
wide association studies of asthma are underway
and combining data across these studies may
lead to firmer conclusions about the responsi-
ble genes. Of note, genes identified in genome-
wide association studies of asthma and other
common conditions have weak effects—relative
risks generally below 1.3. Genome-wide associ-
ations require large sample sizes because of the
multiple comparisons, and detecting weak asso-
ciations for a difficult-to-define phenotype cre-
ates additional challenges to power in asthma
studies.

In addition to asthma genes, genes clearly in-
volved in pathways of biologic response to spe-
cific agents are logical candidates to study for
interactions with exposures. One way to iden-
tify these is to expose inbred mouse strains to
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the pollutant of interest and use genetic anal-
yses techniques to identify the specific genes
involved in response (10). As mentioned above,
inbred mouse quantitative trait linkage studies
have identified a few genes involved in response
to ozone and LPS. However, only few specific
genes have emerged to date because finding the
responsible gene within a broad region of link-
age is laborious (10).

Variants in genes underexpressed or over-
expressed in relevant tissues after exposure to
environmental pollutants in humans or animals
may also be interesting candidates for studies
of gene-environment interaction. For studies of
asthma, humans or animals can be exposed to
the agent of interest and cells collected from
peripheral blood or the respiratory tract. To
date, there are few examples of novel candi-
date genes identified in this way, but the num-
ber should increase. A study in mice identified
genes in the arginase pathway as overexpressed
in response to antigen and fungal challenges,
and these genes were then found to be over-
expressed in asthmatic human airway epithelial
cells (93). A human association study supports
a role for SNPs in arginase genes in genetic
susceptibility to asthma (49). Arginase 1 was re-
cently reported to be overexpressed in response
to cigarette smoke in human asthmatic airways
(4), but no interaction with environmental to-
bacco smoke exposure was found in the single
human association study (49).

Bioinformatic techniques hold promise to
discover novel polymorphic genes in pathways
of response to environmental agents. Wang
et al. (84) recently used a bioinformatic ap-
proach to identify genetic variants that may
be involved in oxidative stress response. In re-
sponse to oxidative stress, the transcription fac-
tor NRF2 (nuclear factor erythroid-derived 2-
like 2) binds to antioxidant response elements
(AREs), leading to transcriptional activation
of various genes involved in defense. Using
novel computational tools, Wang et al. identi-
fied polymorphic AREs with possible functional
relevance. Given the presumed importance of
oxidative stress in air pollution responses (41),

identification of novel candidate genes is of con-
siderable interest.

Genome-wide association studies hold
great promise for discovering novel gene-
environment interactions in asthma. However,
the statistical power issues for identifying in-
teraction in these studies are daunting (44), and
thus candidate gene studies will likely continue
to be important.

REVIEW OF PUBLISHED STUDIES
OF INTERACTIONS BETWEEN
GENETIC POLYMORPHISMS AND
ENVIRONMENTAL POLLUTANTS
IN ASTHMA

We tabulated the human literature on interac-
tions between specific genetic polymorphisms
and exposure to the following environmen-
tal pollutants—environmental tobacco smoke
(Table 1); ambient air pollution (Table 2); and
ambient or home exposures to either endotoxin,
other pathogen-associated molecular patterns,
allergens, or correlates of bioaerosol exposure
such as rural life or regular animal contact
(Table 3)—in relation to phenotypes relevant
to asthma. Literature accessible in PubMed as
of March 6, 2008, was searched. We did not in-
clude articles on genetic interactions with oc-
cupational exposures, which would be a suitable
topic for a separate review paper. Studies that
did not specifically address joint or interact-
ing effects of the genetic polymorphisms and
the environmental factors of interest were not
included, even if the paper addressed both of
these factors separately. Although we may have
missed some studies, we believe that we give a
reasonable overview of the available literature.

We can draw no firm conclusions about in-
teractions between specific genetic polymor-
phisms and environmental tobacco smoke us-
ing the available body of literature (Table 1)
(11, 28, 29, 45, 49, 50, 52, 64, 67, 70, 71, 74,
87–89, 92). Neither do we feel confident that,
using the published literature, we can propose
specific genetic polymorphisms that definitely
interact with ambient air pollution to produce
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Genotype: genetic
constitution of an
organism as opposed
to the physical
appearance or
phenotype. In the
context of this article,
for a single nucleotide
polymorphism such as
CD14–159C/T, there
are three possible
genotypes, CC, CT,
TT

asthma or related phenotypes (Table 2) (3, 8,
15, 16, 30, 36, 39, 46, 51, 68, 69, 72, 90).

The number of different genes studied in
relation to environmental tobacco smoke and
ambient air pollution is relatively small. Much
of the research has focused on a handful of
common polymorphisms with well-described
functional effects in genes thought to be in-
volved in oxidative stress responses. The single
most commonly examined is a highly prevalent
deletion polymorphism of the glutathione
S-transferase M1 gene (GSTM1). Deletion
of both copies of the GSTM1 gene, also
referred to as homozygous deletion or the null
genotype, abolishes GSTM1 activity (78). The
high frequency of the GSTM1 null genotype,
ranging from 25% to 60% depending on
the ethnic group, enables examination of this
polymorphism in studies that were not orig-
inally powered to study interactions. At least 4
studies of ETS (Table 1) and 10 studies of air
pollution (Table 2) have examined interaction
with this polymorphism. The second most
commonly studied gene in relation to either
environmental tobacco smoke or ambient
air pollution is glutathione S-transferase
P1 (GSTP1). A functional polymorphism
(Ile105Val) occurs at relatively high frequency
(78). Most of the published studies looking
at interactions with either or both GSTM1
and GSTP1 polymorphisms show a positive
finding, but not always in the same direction
for GSTP1. As new data accumulate, whether
the GSTM1 and/or GSTP1 polymorphisms
will be confirmed as modifiers of effects of
exposure to environmental tobacco smoke or
other inhaled oxidants remains to be seen.

The body of literature on interactions be-
tween genetic polymorphisms and exposure to
bioallergens such as endotoxin, other PAMPs,
or aeroallergens in relation to asthma and al-
lergy is also limited (1, 5, 7, 20–22, 27, 47, 48,
75, 91) (Table 3). The number of genes stud-
ied remains very limited, focusing primarily on
a common polymorphism in CD14 (-159C/T,
referred to as -260C/T in some studies), which
correlates with soluble CD14 levels and func-
tional coding SNPs in TLR4. Few have been

examined in multiple study populations. Look-
ing at the data on CD14, the results appear to
be discordant with different directions of effect
in different studies. This divergence in results
across studies has been ascribed to true under-
lying differences in the biologic effects of the
CD14159C/T SNP at varying endotoxin expo-
sures (21, 55, 80). However, in our opinion,
there is too little data to draw the conclusion
that these differences in results reflect the un-
derlying biology as opposed to random varia-
tion, given the small numbers of studies, low
statistical power of the individual studies, mul-
tiple testing of various asthma outcomes, and
likely publication bias. In a more recent study
with data on multiple CD14 SNPs, it was not
the functional -159C/T SNP for which inter-
actions were seen, but another SNP with un-
known functional effects (5). Of note, several
of the reports of CD14 interactions with endo-
toxin or farm exposures come from the same
study population(s) and/or involve overlapping
investigators. Thus, although the data are in-
teresting, we cannot conclude that there is a
causal interaction between the CD14-159C/T
polymorphism, or other SNPs, in relation to
endotoxin or related exposures relevant to the
hygiene hypothesis (Table 3).

The inability to draw definite conclusions
about specific gene-environment interactions
in asthma in the still-small body of literature
to date is not surprising. The study of gene-
environment interaction in relation to asthma is
a field in its infancy. As occurs during the natural
evolution of any field, early studies have limita-
tions that are improved on in subsequent work.

The published studies are generally under-
powered to evaluate the interactions presented.
Sample size requirements increase markedly
when studying interactions compared with
main effects (76). Both genetic polymorphisms
and ambient pollutants produce weak indepen-
dent effects, and, given the complexity in re-
sponse pathways, we should not expect very
strong interaction effects with any single gene.
Although the total sample size in some stud-
ies seems large (>2000 subjects), the number
of cases, rather than the total study size, is
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the more important determinant of statistical
power. Furthermore, studies often report in-
teractions seen only in subsets of cases, not in
the entire case group. The specific case group
for which positive interactions were reported
is smaller than 600 subjects in all studies; one
study with 659 asthmatics found significant dif-
ferences only for quantitative traits for which
power will be greater, not for case status (11).
To better illustrate the sample size limitations
in the existing literature, we have tabulated the
relevant number of cases whenever a dichoto-
mous outcome has been studied for interac-
tion, rather than the total study size (Tables
1–3). If the interaction was found only in one
case subgroup, we list that number rather than
the total number of cases. Because power for
studying interactions depends on the joint dis-
tribution of exposure and genotype, the number
of cases with both the exposure and the geno-
type of interest is limited in all published stud-
ies with these modest sample sizes (Tables 1–
3). Given the limited power, not surprisingly,
in several of these studies, statistical tests of
interaction were either not done or were not
significant. Instead, the authors reported “in-
teraction” based on finding a statistically sig-
nificant effect of genotype only in one exposure
stratum or vice versa. Although we do not rec-
ommend slavish devotion to statistical tests of
interaction, effect estimates will tend to fluctu-
ate within small strata; therefore, statistical tests
of interaction are important to help the reader
evaluate the role of chance in explaining differ-
ences in associations across strata. Another issue
in evaluating the published literature on gene-
environment interactions in asthma is multiple
comparisons. Although corrections for multiple
comparisons are standard in the genetics liter-
ature, they are uncommon in the literature on
gene-environment interaction in asthma. Be-
cause the multiple outcomes and exposure clas-
sifications have been tested for interaction in
many reports, the possibility for finding statis-
tically significant interactions at an arbitrary P
value increases.

Publication bias is a serious but underap-
preciated issue, limiting conclusions from the

available literature. Publication bias occurs be-
cause negative findings tend not to be published
or even submitted for publication (12). Inade-
quate sample sizes are a major reason for lack
of replication across studies (12). Small studies
without significant findings are much more dif-
ficult to publish than are small positive studies.
Thus the literature becomes replete with posi-
tive studies without the corresponding negative
ones on the same associations. Publication bias
is perhaps an even greater issue in studies of
gene-environment interaction than in studies of
main effects of genes because there are so many
ways to cross-classify the data, and there is great
enthusiasm for finding and publishing reports
of interactions because there are so few well-
established examples. As a testimony to the level
of interest, there are nearly as many reviews of
the literature on gene-environment interaction
in relation to asthma and allergy as there are
original data reports to review.

One issue in evaluating the epidemiologic
literature is the proper consideration of eth-
nicity. When studies include multiethnic pop-
ulations, interactions present in all or most
ethnic groups are most convincing because the
result would constitute an internal replication.
Sometimes results for multiple ethnic groups
are combined with adjustment for ethnicity. Al-
though this action may be taken because of in-
sufficient sample size in stratified analyses, it
can lead to erroneous conclusions because fre-
quencies of polymorphic alleles tend to vary
greatly among ethnic groups as does the preva-
lence of exposures such as parental smoking. If
there are differences in effect estimates within
combined strata of genotype and exposure by
ethnic group, simple adjustment for ethnicity
could give erroneous conclusions of interaction.

FUTURE WORK

Knowledge of these problems with the mod-
est existing literature is leading to new genera-
tions of studies that address them. Consortia of
studies are being formed both for replication of
results and for pooled analyses to increase sam-
ple size for evaluating interactions. Measures
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of exposure to air pollution are being added to
established cohort studies, and genetic collec-
tions are being added to existing studies or air
pollution health effects to provide more and
better data to study gene-environment inter-
actions. Rapid decreases in price for genome-
wide association genotyping will enable these
larger studies and consortia to examine gene-
environment interactions in a publication bias–
free manner because all studies using the same
commercial genome-wide association platform
generate the same genotypes. Many groups are
posting data on the Internet to enable other in-
vestigators to look for replication of results at
lower levels of statistical significance. Should an
interaction appear at a borderline level of sta-
tistical significance in several studies, pooling
data may provide definitive conclusions.

Another approach to enhance power with-
out enrolling more subjects is to refine the phe-
notype. Asthma is an especially messy disease
phenotype (23, 81). One approach to refine-
ment is to obtain repeated measures of quantita-
tive phenotypes (86). We took this approach in a
study of genetic modification of acute ozone ef-
fects (68, 69), although larger studies are clearly
needed. Subclassifying asthma into qualitative
phenotypes that may have different etiologies
would help us interpret and replicate results
across studies. For example, early endotoxin ex-
posure may be protective against atopy but may
increase risk of nonatopic wheezing, which is
often diagnosed as asthma (19). Increased use
of objective measures of asthma phenotypes will
be helpful in the future.

The power of gene-environment interac-
tion studies can also be enhanced without in-
creasing sample size by improving exposure
assessment (86). Repeated measures are one
approach to improving precision of exposure
assessment. Repeated measures over longer pe-
riods of time will also be important to deter-
mine why the effects of some exposures, such
as endotoxin, differ over the life course. Future
studies will likely include improved assessment
of chronic exposures. To this end, the Expo-
sure Biology Program of the Genes Environ-
ment and Health Initiative at the U.S. National

Institutes of Health is funding environmental
technology development to produce and vali-
date new methods for monitoring environmen-
tal exposures that interact with genetic varia-
tion to produce human disease. This program
also supports statistical methods development
for analyzing gene-environment interactions in
whole genome association studies.

Given the large number of genes that re-
spond to environmental agents, the complex
mechanisms of asthma pathogenesis, and the
small magnitude of associations with individual
genetic variants being found in genome-wide
association studies of asthma and most other
common diseases, consideration of gene-gene
interactions or epistasis will be important. The
need to consider much higher-order interac-
tions further challenge statistical power. Meth-
ods for evaluating epistasis or gene-gene in-
teractions in genome-wide association data are
evolving (32, 60).

Higher-order interactions including other
susceptibility factors may also merit considera-
tion. We found some preliminary evidence of a
gene-diet-environment interaction in relation
to acute effects of ozone on repeated measures
of pulmonary function in asthmatic children
in Mexico City (69). Antioxidant supplementa-
tion, with vitamins C and E, appeared to modify
the effect of GSTM1 genotype on decrements
in pulmonary function (FEF25-75) in relation
to ozone exposure.

Published studies have focused on inter-
actions between environmental exposure and
DNA sequence variation. Environmental ex-
posures may also interact with genetic predis-
position via epigenetic mechanisms. Epigenet-
ics refers to the study of processes that alter
gene activity without changing the DNA se-
quence (40). Epigenetic changes to DNA can
be inherited (24). The best-studied mechanism
of epigenetic modification is DNA methyla-
tion, the covalent addition of a methyl group
to a base, typically cytosine. Dietary intake of
methyl donors (such as folate, vitamin B12,
choline, and betaine) during pregnancy clearly
influenced methylation in a mouse model (85).
In this model, methylation at the Agouti gene
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results in an easily detectable phenotype:
change in coat color. In addition to diet, envi-
ronmental exposures can also influence methy-
lation. In mice, in utero exposure to bisphe-
nol A, a ubiquitous environmental contaminant
used in plastics manufacture, led to hypomethy-
lation of DNA (18), which could be coun-
teracted by dietary intake of methyl donors.
Although the doses of bisphenol A used were
high compared with human population expo-
sures, the study demonstrates that common am-
bient environmental chemicals can influence
DNA methylation and that diet may influ-
ence this process in a gene-diet-environment
interaction.

Emerging evidence suggests that exposures
during adulthood can influence methylation. In
twins, methylation patterns varied more within
older twin pairs compared with younger ones
(25). However, prospective studies of changes
in methylation over time will be necessary to
conclude that these differences are due to ag-
ing or exposure occurring over the life course.
We are aware of only one study linking ambi-
ent exposure to an environmental contaminant
to methylation in human adults. In that study
of 78 gas station attendants, 77 traffic police
officers, and 58 office workers in Milan, Italy,
ambient benzene concentrations were associ-
ated with reductions in global methylation (6).
They also found differences in methylation by
exposure at specific genes (P15 and MAGE-1)
relevant to leukemia, a disease clearly linked to
benzene exposure (6).

Methylation can be measured in the pe-
ripheral blood DNA samples routinely col-
lected in epidemiologic studies using a vari-
ety of methods either on a gene-specific or
genome-wide basis. Because methylation can

be tissue specific, it will also be important to
examine changes in methylation in response to
inhaled exposures in cells, nasal and/or airway,
from the respiratory tract for studies of asthma-
cells. Improvements in the sensitivity, through-
put, and cost of methods to detect differences
in global and gene-specific methylation will fa-
cilitate studies of the epigenetic effects of am-
bient environmental exposures in relation to
asthma and other conditions (37). Studies of
DNA methylation in relation to air pollution
exposure are underway. Histone modification
is another common mechanism of epigenetic
modification that could be influenced by the
environment (24), but methods for detection in
population studies are not well developed.

There is little information on how the en-
vironment may interact with the epigenome
to influence asthma. However, it has recently
been reported that feeding pregnant mice a
high methyl donor diet results in an allergic
asthma phenotype in the offspring (35). This
model identified 82 differentially methylated
gene loci. One of the overmethylated genes,
RUNX3, is known to regulate allergic asthma
negatively.

CONCLUSIONS

The lack of firm findings of interaction be-
tween specific genes and exposures to environ-
mental pollutants is not surprising, given the
early stage of the field. Upcoming studies that
have larger sample sizes, often through collab-
oration, better measures of exposure, more re-
fined asthma phenotypes, and whole genome
association genotyping will improve our un-
derstanding of gene-environment interactions
in asthma. Epigenetic mechanisms for environ-
mental interactions merit consideration.
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