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Abstract
Genetic susceptibility is likely to play a role in response to air pollution. Hence, gene-environment
interactions studies can be a tool for exploring the mechanisms and the importance of the pathway
in the association between air pollution and a cardiovascular outcome. In this article we present a
systematic review of the studies which have examined gene–environment interactions in relation
to the cardiovascular health effects of air pollutants. We identified 16 papers meeting our search
criteria. Of these studies, most have focused on individual functional polymorphisms or individual
candidate genes. Moreover they were all based on three study populations that have been
extensively investigated in relation to air pollution effects: the Normative Aging Study (NAS),
AIRGENE and Multiethnic Study of Atherosclerosis (MESA) study.

Conclusions—the studies differed substantially in both the cardiovascular outcomes examined
and the polymorphisms examined, so there is little confirmation of results across cohorts. Gene-
environment interactions studies can help explore the mechanisms and the potential pathway in the
association between air pollution and a cardiovascular outcome; replication of findings and studies
involving multiple cohorts would be needed to draw stronger conclusions.

Introduction
Epidemiologic studies have clearly shown that air pollution is associated with cardiovascular
diseases (1-4). However the mechanisms by which air pollution exerts these effects are not
fully understood. Possible biologic mechanisms and pathways include direct effects on the
myocardium, disturbances of the cardiac autonomic nervous system, and pulmonary and
systemic oxidative stress and inflammatory responses that trigger endothelial dysfunction,
atherosclerosis, and coagulation/thrombosis (5-7).

If a particular pathway is important in the association between air pollution and a
cardiovascular outcome, then genetic polymorphisms which modify the activity of that
pathway may also modify the association of air pollution with the outcome. Hence gene-
environment interactions can be a tool for exploring the relative importance of the pathway
containing the genetic polymorphism. While toxicological studies can also examine
pathways of toxicity of air pollutants, they are generally done at concentrations many times
(and often orders of magnitude) higher than common environmental exposures. Since the
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relative importance of a pathway may be dose dependent, this supports a role for such gene-
environment studies at the exposure levels of interest. This insight motivates examination of
the role of pathway specific polymorphisms as modifiers of air pollutant effects.

Air pollutant inhalation into the lungs induces local pulmonary oxidative stress and
inflammation. Experimental studies have shown that inhaled air pollutants interact with
protective secretions at the airway and alveolar surfaces and induce generation of reactive
oxygen species (ROS) either directly via Fenton reactions (8), or after activation by
cytochrome P450-dependent enzymatic activities (9,10). Because of their small size,
ultrafine particles (i.e. particles with aerodynamic diameter<100 nm) may penetrate through
the cell membrane and affect intracellular structures related to oxidative stress generation,
such as mitochondria (10). When pulmonary stress responses are insufficient to contain the
levels of particulate matter (PM)-induced ROS, oxidative stress can trigger a variety of
pulmonary inflammatory processes by activating specific signaling pathways including
signal transduction of membrane ligands, pattern-recognition receptors, and/or intracellular
pathways (eg, mitogen-activated protein kinases) that lead to the activation of
proinflammatory transcription factors, cytokines and chemokines (6). Recent research has
shown that PM-related oxidative stress and inflammation can extend from the lungs to
involve cardiovascular structures (11-13). For example, Gurgueira et al (12) reported that
oxidative stress in cardiac tissue increased after adult rats were exposed to concentrated
ambient particles. Other studies have demonstrated that particulate air pollution activates the
Vanilloid receptors on C fibers in the lung, and this plays a role in the generation of
systemic changes, including oxidative stress (14). In human studies, Kim et al. (13) showed
that levels of urinary 8-hydroxy- 2’-deoxyguanosine (a biomarker of oxidative DNA damage
and repair) increased in workers after occupational exposure to fine particulate matter, and
this has also been reported in a general population study (15) . Recently, Hou et al. have
shown increased mitochondrial DNA damage, as reflected in increased mitochondrial DNA
copy number, in a similar occupational setting of PM exposure (16). A number of human
studies have shown that PM exposure increases the levels of circulating inflammatory
biomarkers, such as plasma c-reactive protein (CRP) and interleukins (17-21). Systemic
inflammatory responses have been linked to alteration of circulating levels of blood clotting
factors (22,23), increased blood coagulation (24-26), and atherogenesis (27).

Understanding the relative roles of such potential pathways has been a major goal of recent
air pollution epidemiology. However, human investigations on the molecular and
biochemical pathways of air pollution effects have been mostly limited to the use of blood-
based biomarkers of oxidative stress, inflammation, and blood clotting. Because target
tissues, such as endothelia, arterial walls, and heart tissues, cannot be collected before
disease development, the early pathological processes leading to PM-related cardiovascular
disease cannot be directly investigated in the tissue of concern.

Growing evidence indicates that genetic susceptibility is likely to play a role in response to
air pollution. Genetic differences may determine who will have worse health damage from
short-term or protracted exposure to air pollution. Since air pollution standards are often
based on effects in sensitive subgroups, identification of these differences will, in addition to
providing insight on mechanism, also contribute to understanding the distribution of risk,
and to setting of air quality standards. Also, genetic polymorphisms are identical in all the
cells of a given individual, including the cardiovascular target tissues. Hence, the
investigation of genetic variations in population-based studies of air pollution effects
provides a unique opportunity to evaluate mechanisms that operate systemically and/or at
the target tissue. In this article we present a systematic review of the studies which have
examined gene–environment interactions in relation to the cardiovascular health effects of
air pollutants.
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Methods
To identify all the studies which examined gene–air pollution interactions in the
cardiovascular health effects of air pollutants, we selected published literature meeting the
following criteria:

• Population-based

• Ambient exposures of any air pollutants

• Health outcomes related to cardiovascular disease

• Peer-reviewed.

• Written in English.

Studies were identified in PubMed with the following keywords:

• “gene environment”, or “gene” or “gene environment interaction”, or “SNPs” or
“polymorphism”

• “effect modification” or “modify”

• “air pollution”

• “cardiac” or “cardiovascular” or “myocardial infarction” or “inflammatory” or
“heart rate variability” or “heart rate”.

Results
We identified 16 papers meeting our search criteria (Table). Most of these studies focused
on individual functional polymorphisms or individual candidate genes. Moreover, they were
all based on three study populations that have been extensively investigated in relation to air
pollution effects: the Normative Aging Study (NAS)(24,28-39), AIRGENE (40,41) and the
MESA study (42).

The genes examined were: Glutathione S-transferase mu 1 (GSTM1), Glutathione S-
transferase pi 1 (GSTP1), Glutathione S-transferase theta 1 (GSTT1), Heme oxygenase-1
(HMOX-1), NQO1, Catalase (CAT), MTHFR, cSHMT, hemocromatosis (HFE), genetic
susceptibility score (GSS), IL6, fibrinogen and its α, β, and γ subunits, ACE, ITPR2,
ADRB2, AGT, AGTR1, ALOX15, EDN1, GRK4, PTGS1, PTGS2, TLR4, vascular
ebndothelial growth factor (VEGF)A, and VEGFB, apolipoprotein E (APOE), and
lipoprotein lipase (LPL).

Results from the Normative Aging Study
The NAS is a longitudinal aging study established by the Veterans Administration (VA) in
1961 of 2280 men from the greater Boston area, then free of known chronic medical
conditions. Participants underwent detailed examination every 3 to 5 years, including routine
physical examination, laboratory tests, collection of medical history, social status
information, and administration of questionnaires on smoking history, food intake, and other
factors that may influence health. Between January 1995 and December 2006, all 1035
participants still appearing for examination were evaluated for homocysteine, gene
polymorphisms, and other covariates one or more times; 1000 (96.6%) of these men were
non- Hispanic white. In four of the gene-environment articles based on the NAS, Heart Rate
Variability (HRV) was investigated as an outcome. Reduced HRV is a noninvasive measure
of cardiac autonomic dysfunction that independently predicts cardiovascular mortality and
has been consistently related to short-term PM exposure, particularly to fine-particulate air
pollution of <2.5 μmol/L in aerodynamic diameter (PM2.5) (43-45). In the first study,
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Schwartz et al. (33) investigated whether the negative association between PM2.5 and HRV
was modified by existence or absence of the allele for GSTM1, a gene involved in ROS
clearance. Exposure to PM2.5 during the 48 hours before HRV measurement was associated
with a significant decrease in HRV in individuals with deleted GSTM1 present, but had no
effect in subject with GSTM1. In a subsequent study (29), these findings were extended to
include examination of the guanine thymine (GT) short tandem repeat polymorphism in the
HMOX-1 promoter, a second gene participating on responses against oxidative stress. A
high number of microsatellite (GT)n dinucleotide repeats in 5′-flanking region may reduce
HMOX-1 inducibility by ROS and has been associated with increased risk of coronary
artery disease in high-risk groups with hyperlipidemia, diabetes, or current smoking (46,47).
PM2.5 effects on HRV were found among carriers of the long GT repeats and not among
those individuals carrying the short GT repeats. In addition, a significant three-way
interaction of PM2.5 with GSTM1 and HMOX-1 was found in relation to HRV. Three other
NAS investigations on the negative association between PM2.5 and HRV showed that the
PM2.5 effects were stronger among subjects with wild type HFE gene (31), encoding for a
protein product that modulates uptake of iron and divalent cations from pulmonary sources
and reduces their toxicity, and in carriers of the [CT/TT] C677T MTHFR or [CC] C1420T
cSHMT, two genes in the one-carbon metabolism pathway that participates in glutathione
synthesis (24). Another study from Ren and co-authors (34) found that the associations
between PM2.5 and HRV were modified by gene polymorphisms of APOE, LPL and VEGF,
examining whether exposures to ambient particles act on autonomic function via the lipid/
endothelial metabolism pathway.

Taken together, these findings pinpoint the different roles of genes related to oxidative
pathways in determining cardiovascular responses to PM exposure, as reflected in reduced
HRV. Even the HFE results are indirectly associated with oxidative stress since Ghio (8) has
shown that increased uptake of the iron into cells in the lung results in reduced oxidative
stress and inflammation. In a related finding, Park et al (37) reported that iron metabolism
genes, including HFE, modified the association of lead with QT interval. While the exposure
used was bone lead, most of the lead in people originates from gasoline emissions.

Consistent with these results, interactions with genes in oxidative pathways have been found
in the NAS also in relation with other cardiovascular outcomes, such as homocysteine and
QT interval. Ren et al (32) showed that the association of PM2.5 exposure with increased
plasma homocysteinemia was modified by polymorphisms in HFE and CAT genes.
Borderline significant effect modifications were found for GSTM1 deletions and GSTT1
polymorphism. In this study the association between black carbon (BC), a tracer of particles
from vehicular traffic, and plasma homocysteine showed statistically significant effect
modifications by GSTT1 and HFE polymorphisms and a borderline effect modification by
NQO1 genotypes. In another study Ren et al took a pathway approach and examined 20
different polymorphisms in 9 genes along the oxidative defense pathway. After adjustment
for multiple comparisons, they reported that polymorphisms in 4 genes (GSTP1, GSTM1,
CAT, GC) modified the association of air pollution with 8-OHdG (39). Baja et al (28)
showed that BC exposure was positively associated with the duration of the heart-rate-
corrected QT interval, and that effect was stronger among subjects with a higher genetic
susceptibility score, a combined score built to reflect functional effects from the HFE
C282Y, GSTP1 A114V, and HFE H63D genotypes. However, a study evaluating effect
modifications on the association between BC and increased blood pressure did not find any
significant interactions with GSTM1, GSTP1, GSTT1, HMOX-1, or NQO1 polymorphisms
(30).

Conversely, a recent analysis of the NAS study showed that the association between BC and
increased blood pressure was modified by single nucleotide polymorphisms in genes
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involved in processing of microRNAs (miRNAs) from pre/primi-miRNA to maturity (35).
MiRNAs are emerging as key regulators of gene expression, and might be participating in
the regulation of the coordinated changes in gene expression that accompany the responses
to air pollution exposures. In particular, interactions modifying BC associations were
observed with SNPs in the DICER, GEMIN4, and DiGeorge critical region-8 (DGCR8)
genes, and in GEMIN3 and GEMIN4, predicting diastolic and systolic BP, respectively. The
BC-miRNA gene interactions found in the NAS are consistent with recent findings showing
that exposure to particulate pollutants modified the expression of selected miRNAs in
airway epithelial cells in vitro (48) and in peripheral blood leukocytes in exposed individuals
(49).

Madrigano et al (36) reported that both PM2.5 and BC were associated with increases in
intracellular and vascular cellular adhesion molecules (ICAM-1 and VCAM-1), which are
markers of endothelial activation, and that those associations were modified by GSTM1.
Finally, Wilker et al (38) reported that polymorphisms in ITPR2, a gene that is in the
angiotensin II pathway (immediately downstream from the angiotensin II receptor) modified
the association of particle air pollution with postural change in blood pressure.

Results from AIRGENE
AIRGENE is a multicenter epidemiological study, designed to study the role of air pollution
in eliciting inflammation in MI survivors in six European cities, Helsinki, Stockholm,
Augsburg, Rome, Barcelona, and Athens. Outcomes of interest were plasma concentrations
of the proinflammatory cytokine interleukin 6 (IL-6) and the acute-phase proteins CRP and
fibrinogen. In addition, the study was designed to assess the role of candidate gene
polymorphisms hypothesized to lead to a modification of the short-term effects of ambient
air pollution. In total, 1003 MI survivors were recruited and assessed with at least 2 repeated
clinic visits without any signs of infections; in total, 5813 blood samples were collected.
Subjects across the six cities varied with respect to risk factor profiles. Most of the subjects
were nonsmokers, but light smokers were included in Rome, Barcelona, and Athens.
Substantial inter- and intra-individual variability was observed for IL-6, fibrinogen and
CRP.

Liungman et al. (40) investigated whether IL6 and fibrinogen gene variants affected plasma
IL-6 responses to air pollution in the AIRGENE patients. Two specific variants in IL6 and
fibrinogen genes modified IL6 responses after exposure to carbon monoxide (24-hr
average). Non-significant interactions were found for nitrogen dioxide.

Peters and colleagues (41) found that measures of ambient particulate matter with
aerodynamic diameter 10 μm or less (PM10) from monitoring stations in the five cities
during the 5 days before the examinations were positively associated with plasma fibrinogen
levels, and that this effect was modified by genetic variation in the fibrinogen genes. This
study examined 21 single nucleotide polymorphisms in the three fibrinogen genes coding for
the α,β and γ subunits. The fibrinogen response to PM10 exposure was 8 to 11-fold greater
among individuals with homozygous minor alleles in the fibrinogen gene, compared with
carriers of homozygous major alleles.

Results from MESA
MESA is a prospective cohort study designed to examine the progression of subclinical
CVD; it enrolled 6,814 men and women 44–85 years of age who were free of clinical CVD
at entry. The participants were recruited from six U.S. communities: Baltimore, Maryland;
Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California;
Northern Manhattan, New York; and St. Paul, Minnesota. A subcohort of 2,880 subjects was
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selected for genetic studies. In the MESA, living in proximity to major roadways (< 50 m
compared with > 150 m) has been linked with higher left ventricular mass (LVM), a
predictor of negative cardiovascular outcomes, such as heart failure, stroke, and sudden
cardiac death. Using a tagSNP approach, Van Hee et al (42) investigated whether the
association between proximity to major roadways and LVM was modified by single-
nucleotide polymorphisms and haplotypes in 12 candidate genes (ACE, ADRB2, AGT,
AGTR1, ALOX15, EDN1, GRK4, PTGS1, PTGS2, TLR4, VEGFA, and VEGFB). In this
study, tagSNPs in the type 1 angiotensin II receptor (AGTR1, rs6801836) and arachidonate
15-lipoxygenase (ALOX15, rs2664593) genes were found to be associated with a 9-10%
difference in the association between residential proximity to major roadways and LVM.

Discussion
This article presents a systematic review of the studies which have examined gene–
environment interactions in relation to the cardiovascular health effects of air pollutants. The
16 studies that met our search criteria were all based on three study populations that have
been extensively investigated in relation to air pollution effects: the NAS, AIRGENE, and
MESA study. Unfortunately, the studies differed substantially in both the cardiovascular
outcomes examined and the polymorphisms examined, so there is little confirmation of
results across cohorts. The greatest similarity is that both the NAS and MESA found
polymorphisms (but in different genes) in the angiotensin pathway related to cardiovascular
outcomes (but different ones). The most consistent finding within a cohort is the multiple
findings of modifications by genes in the oxidative stress defense pathway for a variety of
outcomes, all within the NAS. This is supported indirectly by a finding in the SAPALDIA
study that second hand smoke, a pollutant with similarities to urban particulate air pollution,
also reduced heart rate variability, and that this association was also modified by
polymorphisms in GSTs (50). Supporting evidence also comes from reports from these and
other studies that obesity, a pro-oxidative stress state, also tends to modify the same
relationships as the genetic polymorphisms (31,33,36,50-52). Oxidative stress
polymorphism have also been reported to modify the association between air pollution and
respiratory outcomes (53-56) making these findings perhaps the strongest signal to date.
Clearly, to draw stronger conclusions greater replication will be necessary. One critical issue
is whether that replication should be done by SNP, or by pathway. Some recent analyses
such as Baja et al (28) have used a score system for a pathway and evaluated interactions, a
procedure that may have more power than single SNP analyses with multiple comparison
corrections. Other methods, such as kernel machinery (39) may be modified to examine
interactions by pathway. If the goal was to target a protein, SNP analyses would be more
important, but if the goal is to identify mechanistic pathways of toxicity, the pathway
approach may make more sense.

With respect to risk assessment, a key feature of these studies is the finding that effect
modification was quite large, with the response to air pollution essentially only seen in
people with the unfavorable polymorphisms. If the cardiovascular effects of air pollution are
restricted to a subset of a third or less of the population, with effect sizes in that subset triple
those reported when the entire population is studied, then the inequity in distribution of air
pollution related cardiovascular risk is not trivial, and will need to be taken into account in
both risk assessments and setting standards.

The cohort studies involved to date have not been large, which limits power to more
common polymorphisms if one does not take the pathway approach. Clearly multi-cohort
studies allowing power to detect rarer genes and for replication is one future direction. With
large enough samples, genome-wide association study (GWAS) by environment interactions
can be examined, although that will be methodologically challenging.
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Most of the studies focused on the interaction of gene polymorphisms with short term
exposure to air pollutant. Only the MESA study examined distance to major roadways,
which instead reflects long term exposures to air pollution. All studies conducted so far have
tested the effect modification associated with selected functional polymorphisms in
candidate genes. GWAS data have been generated in several cohorts that are or might be
characterized for their air pollution exposure. Thus, it might be possible in the near future to
conduct genome-wide scans of effect modifications of the associations of air pollution
exposure with cardiovascular disease. However, because GWAS studies have been designed
to provide sufficient power for testing the main effects of gene polymorphisms on
cardiovascular outcomes, even more than in these GWAS studies, genome-wide
investigations of effect modifications will need to rely on cooperation and data pooling
across multiple cohorts.

Genetic susceptibility is likely to play a role in response to air pollution, therefore gene-
environment interactions studies can be a tool for exploring the mechanisms and the
importance of the pathway in the association between air pollution and a cardiovascular
outcome; moreover these studies would contribute to understanding the distribution of risk,
and to setting of air quality standards. More studies and more collaboration among studies
involving multiple cohorts would be needed to draw stronger conclusions.

Acknowledgments
This study was supported by: HSPH-NIEHS Center for Environmental Health ES000002, NIEHS RO1-ES015172.
This research has been funded in part by the United States Environmental Protection Agency through STAR grant
RD832416 to Harvard University. It has not been subjected to the Agency’s required peer and policy review and
therefore does not necessarily reflect the views of the Agency and no official endorsement should be inferred.

References
1. Katsouyanni K, Schwartz J, Spix C, Touloumi G, Zmirou D, Zanobetti A, Wojtyniak B, Vonk JM,

Tobias A, Ponka A, et al. Short term effects of air pollution on health: A European approach using
epidemiologic time series data: The APHEA protocol. Journal of epidemiology and community
health. 1996; 50(Suppl 1):S12–18. [PubMed: 8758218]

2. Samet JM, Zeger SL, Dominici F, Curriero F, Coursac I, Dockery DW, Schwartz J, Zanobetti A.
The national morbidity, mortality, and air pollution study. Part ii: Morbidity and mortality from air
pollution in the United States. Research report (Health Effects Institute). 2000; 94:5–70. discussion
71-79.

3. Schwartz J. Air pollution and hospital admissions for cardiovascular disease in Tucson.
Epidemiology. 1997; 8:371–377. [PubMed: 9209849]

4. Zanobetti A, Schwartz J. The effect of particulate air pollution on emergency admissions for
myocardial infarction: A multicity case-crossover analysis. Environmental health perspectives.
2005; 113:978–982. [PubMed: 16079066]

5. Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, Luepker R, Mittleman M, Samet
J, Smith SC Jr, et al. Air pollution and cardiovascular disease: A statement for healthcare
professionals from the expert panel on population and prevention science of the American Heart
Association. Circulation. 2004; 109:2655–2671. [PubMed: 15173049]

6. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin F, Hong
Y, Luepker RV, Mittleman MA, et al. Particulate matter air pollution and cardiovascular disease:
An update to the scientific statement from the American Heart Association. Circulation. 2010;
121:2331–2378. [PubMed: 20458016]

7. Pope CA 3rd, Dockery DW. Health effects of fine particulate air pollution: Lines that connect.
Journal of the Air & Waste Management Association (1995). 2006; 56:709–742.

8. Ghio AJ, Cohen MD. Disruption of iron homeostasis as a mechanism of biologic effect by ambient
air pollution particles. Inhalation toxicology. 2005; 17:709–716. [PubMed: 16195206]

Zanobetti et al. Page 7

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



9. Moller P, Jacobsen NR, Folkmann JK, Danielsen PH, Mikkelsen L, Hemmingsen JG, Vesterdal LK,
Forchhammer L, Wallin H, Loft S. Role of oxidative damage in toxicity of particulates. Free radical
research. 2010; 44:1–46. [PubMed: 19886744]

10. Muhlfeld C, Rothen-Rutishauser B, Blank F, Vanhecke D, Ochs M, Gehr P. Interactions of
nanoparticles with pulmonary structures and cellular responses. American journal of physiology.
2008; 294:L817–829. [PubMed: 18263666]

11. Ghio AJ, Kim C, Devlin RB. Concentrated ambient air particles induce mild pulmonary
inflammation in healthy human volunteers. American Journal of Respiratory & Critical Care
Medicine. 2000; 162:981–988. [PubMed: 10988117]

12. Gurgueira SA, Lawrence J, Coull B, Murthy GG, Gonzalez-Flecha B. Rapid increases in the
steady-state concentration of reactive oxygen species in the lungs and heart after particulate air
pollution inhalation. Environmental health perspectives. 2002; 110:749–755. [PubMed: 12153754]

13. Kim JY, Mukherjee S, Ngo LC, Christiani DC. Urinary 8-hydroxy-2’-deoxyguanosine as a
biomarker of oxidative DNA damage in workers exposed to fine particulates. Environmental
health perspectives. 2004; 112:666–671. [PubMed: 15121508]

14. Bartoli CR, Wellenius GA, Diaz EA, Lawrence J, Coull BA, Akiyama I, Lee LM, Okabe K,
Verrier RL, Godleski JJ. Mechanisms of inhaled fine particulate air pollution-induced arterial
blood pressure changes. Environmental health perspectives. 2009; 117:361–366. [PubMed:
19337509]

15. Ren C, Fang S, Wright RO, Suh H, Schwartz J. Urinary 8-hydroxy-2’-deoxyguanosine as a
biomarker of oxidative DNA damage induced by ambient pollution in the normative aging study.
Occupational and environmental medicine. 2010

16. Hou L, Zhu ZZ, Zhang X, Nordio F, Bonzini M, Schwartz J, Hoxha M, Dioni L, Marinelli B,
Pegoraro V, et al. Airborne particulate matter and mitochondrial damage: A cross-sectional study.
Environ Health. 2010; 9:48. [PubMed: 20696069]

17. Luttmann-Gibson H, Suh HH, Coull BA, Dockery DW, Sarnat SE, Schwartz J, Stone PH, Gold
DR. Systemic inflammation, heart rate variability and air pollution in a cohort of senior adults.
Occupational and environmental medicine. 2010; 67:625–630. [PubMed: 20519749]

18. O’Neill MS, Veves A, Sarnat JA, Zanobetti A, Gold DR, Economides PA, Horton ES, Schwartz J.
Air pollution and inflammation in type 2 diabetes: A mechanism for susceptibility. Occupational
and environmental medicine. 2007; 64:373–379. [PubMed: 17182639]

19. Peters A, Frohlich M, Doring A, Immervoll T, Wichmann HE, Hutchinson WL, Pepys MB,
Koenig W. Particulate air pollution is associated with an acute phase response in men; results from
the Monica-Augsburg study. European heart journal. 2001; 22:1198–1204. [PubMed: 11440492]

20. Thompson AM, Zanobetti A, Silverman F, Schwartz J, Coull B, Urch B, Speck M, Brook JR,
Manno M, Gold DR. Baseline repeated measures from controlled human exposure studies:
Associations between ambient air pollution exposure and the systemic inflammatory biomarkers
il-6 and fibrinogen. Environmental health perspectives. 2010; 118:120–124. [PubMed: 20056584]

21. Peters A, Schneider A, Greven S, Bellander T, Forastiere F, Ibald-Mulli A, Illig T, Jacquemin B,
Katsouyanni K, Koenig W, et al. Air pollution and inflammatory response in myocardial infarction
survivors: Gene-environment interactions in a high-risk group. Inhalation toxicology. 2007;
19(Suppl 1):161–175. [PubMed: 17886064]

22. Pekkanen J, Brunner EJ, Anderson HR, Tiittanen P, Atkinson RW. Daily concentrations of air
pollution and plasma fibrinogen in London. Occupational & Environmental Medicine. 2000;
57:818–822. [PubMed: 11077010]

23. Ruckerl R, Ibald-Mulli A, Koenig W, Schneider A, Woelke G, Cyrys J, Heinrich J, Marder V,
Frampton M, Wichmann HE, et al. Air pollution and markers of inflammation and coagulation in
patients with coronary heart disease. American journal of respiratory and critical care medicine.
2006; 173:432–441. [PubMed: 16293802]

24. Baccarelli A, Cassano PA, Litonjua A, Park SK, Suh H, Sparrow D, Vokonas P, Schwartz J.
Cardiac autonomic dysfunction: Effects from particulate air pollution and protection by dietary
methyl nutrients and metabolic polymorphisms. Circulation. 2008; 117:1802–1809. [PubMed:
18378616]

Zanobetti et al. Page 8

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Baccarelli A, Zanobetti A, Martinelli I, Grillo P, Hou L, Giacomini S, Bonzini M, Lanzani G,
Mannucci PM, Bertazzi PA, et al. Effects of exposure to air pollution on blood coagulation. J
Thromb Haemost. 2007; 5:252–260. [PubMed: 17083648]

26. Bonzini M, Tripodi A, Artoni A, Tarantini L, Marinelli B, Bertazzi PA, Apostoli P, Baccarelli A.
Effects of inhalable particulate matter on blood coagulation. J Thromb Haemost. 2010; 8:662–668.
[PubMed: 19922434]

27. Kaufman JD. Does air pollution accelerate progression of atherosclerosis? Journal of the American
College of Cardiology. 2010; 56:1809–1811. [PubMed: 21087708]

28. Baja ES, Schwartz JD, Wellenius GA, Coull BA, Zanobetti A, Vokonas PS, Suh HH. Traffic-
related air pollution and qt interval: Modification by diabetes, obesity, and oxidative stress gene
polymorphisms in the normative aging study. Environmental health perspectives. 2010; 118:840–
846. [PubMed: 20194081]

29. Chahine T, Baccarelli A, Litonjua A, Wright RO, Suh H, Gold DR, Sparrow D, Vokonas P,
Schwartz J. Particulate air pollution, oxidative stress genes, and heart rate variability in an elderly
cohort. Environmental health perspectives. 2007; 115:1617–1622. [PubMed: 18007994]

30. Mordukhovich I, Wilker E, Suh H, Wright R, Sparrow D, Vokonas PS, Schwartz J. Black carbon
exposure, oxidative stress genes, and blood pressure in a repeated-measures study. Environmental
health perspectives. 2009; 117:1767–1772. [PubMed: 20049130]

31. Park SK, O’Neill MS, Wright RO, Hu H, Vokonas PS, Sparrow D, Suh H, Schwartz J. Hfe
genotype, particulate air pollution, and heart rate variability: A gene-environment interaction.
Circulation. 2006; 114:2798–2805. [PubMed: 17145987]

32. Ren C, Park SK, Vokonas PS, Sparrow D, Wilker E, Baccarelli A, Suh HH, Tucker KL, Wright
RO, Schwartz J. Air pollution and homocysteine: More evidence that oxidative stress-related
genes modify effects of particulate air pollution. Epidemiology. 2010; 21:198–206. [PubMed:
20110814]

33. Schwartz J, Park SK, O’Neill MS, Vokonas PS, Sparrow D, Weiss S, Kelsey K. Glutathione-s-
transferase m1, obesity, statins, and autonomic effects of particles: Gene-by-drug-by-environment
interaction. American journal of respiratory and critical care medicine. 2005; 172:1529–1533.
[PubMed: 16020798]

34. Ren C, Baccarelli A, Wilker E, Suh H, Sparrow D, Vokonas P, Wright R, Schwartz J. Lipid and
endothelial related genes, ambient particulate matter, and heart rate variability --the va normative
aging study. Journal of epidemiology and community health. 2009

35. Wilker EH, Baccarelli A, Suh H, Vokonas P, Wright RO, Schwartz J. Black carbon exposures,
blood pressure, and interactions with single nucleotide polymorphisms in microrna processing
genes. Environmental health perspectives. 2010; 118:943–948. [PubMed: 20211803]

36. Madrigano J, Baccarelli A, Wright R, Suh H, Sparrow D, Vokonas P, Schwartz J. Air pollution,
obesity, genes, and cellular adhesion molecules. Occupational and environmental medicine. 2009

37. Park SK, Hu H, Wright RO, Schwartz J, Cheng Y, Sparrow D, Vokonas PS, Weisskopf MG. Iron
metabolism genes, low-level lead exposure, and qt interval. Environmental health perspectives.
2009; 117:80–85. [PubMed: 19165391]

38. Wilker E, Mittleman MA, Litonjua AA, Poon A, Baccarelli A, Suh H, Wright RO, Sparrow D,
Vokonas P, Schwartz J. Postural changes in blood pressure associated with interactions between
candidate genes for chronic respiratory diseases and exposure to particulate matter. Environmental
health perspectives. 2009; 117:935–940. [PubMed: 19590686]

39. Ren C, Vokonas PS, Suh H, Fang S, Christiani DC, Schwartz J. Effect modification of air pollution
on urinary 8-hydroxy-2’-deoxyguanosine by genotypes: An application of the multiple testing
procedure to identify significant SNP interactions. Environ Health. 2010; 9:78. [PubMed:
21138591]

40. Ljungman P, Bellander T, Schneider A, Breitner S, Forastiere F, Hampel R, Illig T, Jacquemin B,
Katsouyanni K, von Klot S, et al. Modification of the interleukin-6 response to air pollution by
interleukin-6 and fibrinogen polymorphisms. Environmental health perspectives. 2009; 117:1373–
1379. [PubMed: 19750100]

41. Peters A, Greven S, Heid I, Baldari F, Breitner S, Bellander T, Chrysohoou C, I T, Jacquemin B,
Koenig W, et al. Fibrinogen genes modify the fibrinogen response to ambient particulate matter.

Zanobetti et al. Page 9

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



American journal of respiratory and critical care medicine. 2009; 179:484–491. [PubMed:
19136375]

42. Van Hee VC, Adar SD, Szpiro AA, Barr RG, Roux AD, Bluemke DA, Sheppard L, Gill EA,
Bahrami H, Wassel C, et al. Common genetic variation, residential proximity to traffic exposure,
and left ventricular mass: The multi-ethnic study of atherosclerosis. Environmental health
perspectives. 2010; 118:962–969. [PubMed: 20308035]

43. Park SK, O’Neill MS, Vokonas PS, Sparrow D, Schwartz J. Effects of air pollution on heart rate
variability: The VA normative aging study. Environmental health perspectives. 2005; 113:304–
309. [PubMed: 15743719]

44. Pope CA 3rd, Hansen ML, Long RW, Nielsen KR, Eatough NL, Wilson WE, Eatough DJ.
Ambient particulate air pollution, heart rate variability, and blood markers of inflammation in a
panel of elderly subjects. Environmental health perspectives. 2004; 112:339–345. [PubMed:
14998750]

45. Schwartz J, Litonjua A, Suh H, Verrier M, Zanobetti A, Syring M, Nearing B, Verrier R, Stone P,
MacCallum G, et al. Traffic related pollution and heart rate variability in a panel of elderly
subjects. Thorax. 2005; 60:455–461. [PubMed: 15923244]

46. Chen YH, Lin SJ, Lin MW, Tsai HL, Kuo SS, Chen JW, Charng MJ, Wu TC, Chen LC, Ding YA,
et al. Microsatellite polymorphism in promoter of heme oxygenase-1 gene is associated with
susceptibility to coronary artery disease in type 2 diabetic patients. Human genetics. 2002; 111:1–
8. [PubMed: 12136229]

47. Kaneda H, Ohno M, Taguchi J, Togo M, Hashimoto H, Ogasawara K, Aizawa T, Ishizaka N,
Nagai R. Heme oxygenase-1 gene promoter polymorphism is associated with coronary artery
disease in Japanese patients with coronary risk factors. Arteriosclerosis, thrombosis, and vascular
biology. 2002; 22:1680–1685.

48. Jardim MJ, Fry RC, Jaspers I, Dailey L, Diaz-Sanchez D. Disruption of microrna expression in
human airway cells by diesel exhaust particles is linked to tumorigenesis-associated pathways.
Environmental health perspectives. 2009; 117:1745–1751. [PubMed: 20049127]

49. Bollati V, Marinelli B, Apostoli P, Bonzini M, Nordio F, Hoxha M, Pegoraro V, Motta V,
Tarantini L, Cantone L, et al. Exposure to metal-rich particulate matter modifies the expression of
candidate microRNAs in peripheral blood leukocytes. Environmental health perspectives. 2010;
118:763–768. [PubMed: 20061215]

50. Probst-Hensch NM, Imboden M, Felber Dietrich D, Barthelemy JC, Ackermann-Liebrich U,
Berger W, Gaspoz JM, Schwartz J. Glutathione s-transferase polymorphisms, passive smoking,
obesity, and heart rate variability in nonsmokers. Environmental health perspectives. 2008;
116:1494–1499. [PubMed: 19057702]

51. Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR. Diabetes, obesity, and hypertension may
enhance associations between air pollution and markers of systemic inflammation. Environmental
health perspectives. 2006; 114:992–998. [PubMed: 16835049]

52. Park SK, Tucker KL, O’Neill MS, Sparrow D, Vokonas PS, Hu H, Schwartz J. Fruit, vegetable,
and fish consumption and heart rate variability: The veterans administration normative aging
study. The American journal of clinical nutrition. 2009; 89:778–786. [PubMed: 19158214]

53. Curjuric I, Imboden M, Schindler C, Downs SH, Hersberger M, Liu SL, Matyas G, E WR,
Schwartz J, Thun GA, et al. Hmox1 and GST variants modify attenuation of fef25-75-decline due
to pm10 reduction. Eur Respir J. 2009

54. Islam T, Berhane K, McConnell R, Gauderman WJ, Avol E, Peters JM, Gilliland FD. Glutathione-
s-transferase (gst) p1, GSTM1, exercise, ozone and asthma incidence in school children. Thorax.
2009; 64:197–202. [PubMed: 18988661]

55. Schroer KT, Biagini Myers JM, Ryan PH, LeMasters GK, Bernstein DI, Villareal M, Lockey JE,
Reponen T, Grinshpun S, Khurana Hershey GK. Associations between multiple environmental
exposures and glutathione s-transferase p1 on persistent wheezing in a birth cohort. The Journal of
pediatrics. 2009; 154:401–408. 408 e401. [PubMed: 18950799]

56. Romieu I, Sienra-Monge JJ, Ramirez-Aguilar M, Moreno-Macias H, Reyes-Ruiz NI, Estela del
Rio-Navarro B, Hernandez-Avila M, London SJ. Genetic polymorphism of gstm1 and antioxidant
supplementation influence lung function in relation to ozone exposure in asthmatic children in
Mexico City. Thorax. 2004; 59:8–10. [PubMed: 14694237]

Zanobetti et al. Page 10

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Zanobetti et al. Page 11

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zanobetti et al. Page 12

Ta
bl

e

su
m

m
ar

y 
of

 th
e 

se
le

ct
ed

 st
ud

ie
s

A
ut

ho
r 

an
d 

ye
ar

s o
f s

tu
dy

Po
pu

la
tio

n*
*

C
ha

ra
ct

er
is

tic
s

G
en

es
E

xp
os

ur
e

H
ea

lth
 o

ut
co

m
es

Si
gn

ifi
ca

nt
 In

te
ra

ct
io

ns
D

ir
ec

tio
n*

Sc
hw

ar
tz

 (3
3)

 2
00

0-
20

04
N

A
S

B
os

to
n 

10
0%

 M
en

G
ST

M
1

PM
2.

5
H

F
G

ST
M

1
↓

n=
49

7

Pa
rk

 (3
1)

 2
00

0-
20

04
N

A
S

B
os

to
n 

10
0%

 M
en

H
FE

 v
ar

ia
nt

PM
2.

5
SD

N
N

n=
51

8
LF

/H
F

H
F

H
FE

↓

B
C

SD
N

N
, H

F,
 L

F/
H

F

oz
on

e
SD

N
N

, H
F,

 L
F/

H
F

C
ha

hi
ne

 (2
9)

 2
00

0-
20

05
N

A
S

B
os

to
n 

10
0%

 M
en

H
M

O
X

-1
PM

2.
5

SD
N

N
G

ST
M

1
↓

n=
47

6
G

ST
M

1
H

F
G

ST
M

1
↓

n 
to

t=
63

8
LF

G
ST

M
1,

 H
M

O
X

-1
↓

B
ac

ca
re

lli
 (2

4)
 2

00
0-

20
05

N
A

S
B

os
to

n 
10

0%
 M

en
M

TH
FR

PM
2.

5
SD

N
N

cS
H

M
T

↓

n=
54

9
cS

H
M

T
H

F
cS

H
M

T
↓

n 
to

t=
73

5

M
or

du
kh

ov
ic

h 
(3

0)
 1

99
9-

20
07

N
A

S
B

os
to

n 
10

0%
 M

en
G

ST
M

1,
 G

ST
P1

B
C

D
ia

st
ol

ic
 B

P

n=
46

1
G

ST
T1

Sy
st

ol
ic

 B
P

n 
to

t=
10

67
H

M
O

X
-1

, N
Q

O
1

Pa
rk

 (3
7)

 1
99

1-
19

95
N

A
S

B
os

to
n 

10
0%

 M
en

H
FE

, T
F 

C
2,

tib
ia

 le
ad

Q
T 

in
te

rv
al

s
H

FE
,T

F 
C

2,
H

M
O

X
-1

↑

n=
61

3
H

M
O

X
-1

pa
te

lla
 le

ad
H

FE
,T

F 
C

2,
H

M
O

X
-1

↑

bl
oo

d 
le

ad
H

FE
,T

F 
C

2,
H

M
O

X
-1

↑

M
dr

ig
an

o 
(3

6)
 1

99
9-

20
08

N
A

S
B

os
to

n 
10

0%
 M

en
 w

hi
te

G
ST

M
1,

 H
M

O
X

1
PM

2.
5

sI
C

A
M

-1

n=
80

9
V

EG
F,

 L
PL

, A
PO

E
B

C
sV

C
A

M
-1

G
ST

M
1

↑

n 
to

t=
18

19
H

FE
, N

O
S3

W
ilk

er
 (3

8)
 1

99
5–

20
06

N
A

S
B

os
to

n 
10

0%
 M

en
20

2 
SN

Ps
 in

 2
5 

ge
ne

s
PM

2.
5

Δ 
D

ia
st

ol
ic

 B
P

PH
F1

1
↑

n=
94

5
Δ 

Sy
st

ol
ic

 B
P

M
M

P1
, I

TP
R

2
↑

n 
to

t=
20

98

R
en

 (3
2)

 1
99

5-
20

06
N

A
S

B
os

to
n 

10
0%

 M
en

H
FE

, N
Q

O
1

PM
2.

5
H

om
oc

ys
te

in
e

C
A

T,
 H

FE
↑

n=
10

00
C

A
T,

 G
ST

M
1,

G
ST

T1
,G

ST
M

1
↑

n 
to

t=
24

14
N

on
-h

ys
pa

ni
c 

w
hi

te
G

ST
P1

,G
ST

T1
B

C
H

om
oc

ys
te

in
e

G
ST

T1
, H

FE
↑

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zanobetti et al. Page 13

A
ut

ho
r 

an
d 

ye
ar

s o
f s

tu
dy

Po
pu

la
tio

n*
*

C
ha

ra
ct

er
is

tic
s

G
en

es
E

xp
os

ur
e

H
ea

lth
 o

ut
co

m
es

Si
gn

ifi
ca

nt
 In

te
ra

ct
io

ns
D

ir
ec

tio
n*

G
ST

P1
 H

M
O

X
-1

N
Q

O
1

↑

B
aj

a 
(2

8)
 2

00
0-

20
08

N
A

S
B

os
to

n 
10

0%
 M

en
G

SS
,H

FE
 C

28
2Y

,
B

C
Q

T 
in

te
rv

al
s

G
SS

↑

n=
58

0
G

ST
P1

 A
11

4V
,

C
O

G
SS

↑

n 
to

t=
92

6
H

FE
 H

63
D

N
O

2
G

SS
↑

R
en

 (3
4)

 2
00

0-
20

07
N

A
S

B
os

to
n 

10
0%

 M
en

A
PO

E
PM

2.
5

SD
N

N
A

PO
E,

 L
PL

, V
EG

F
↓

n=
58

3
LP

L
LF

A
PO

E,
 L

PL
, V

EG
F

↓

n 
to

t=
83

9
V

EG
F

H
F

A
PO

E,
 L

PL
, V

EG
F

↓

R
en

 (3
9)

 2
00

6-
20

08
N

A
S

B
os

to
n 

10
0%

 M
en

20
 o

xi
da

tiv
e 

st
re

ss
-r

el
at

ed
SN

Ps
Su

lfa
te

s
8-

O
H

dG
G

ST
P1

↑

n=
32

0
O

C
C

A
T,

G
ST

M
1,

G
C

↑

O
3

W
ilk

er
 (3

5)
 1

99
5-

20
08

N
A

S
B

os
to

n 
10

0%
 M

en
SN

Ps
 in

 1
9 

m
iR

N
A

 g
en

es
B

C
D

ia
st

ol
ic

 B
P

D
IC

ER
, G

EM
IN

4,
↑

n=
78

9
Sy

st
ol

ic
 B

P
G

EM
IN

3,
 G

EM
IN

4
↑

n 
to

t=
23

49
D

G
C

R
8

Lj
un

gm
an

 (4
0)

 2
00

3-
20

04
A

IR
G

EN
E

M
ul

ti 
ci

ty
 1

00
%

 M
en

IL
6,

 F
G

A
, F

G
B

, F
G

G
C

O
IL

6
IL

6
↑

n=
95

5
N

O
2

IL
6

FG
B

↑

n 
to

t=
55

39
PM

25
,P

M
10

IL
6

FG
B

↑

C
O

IL
6

FG
B

↑

Pe
te

rs
 (4

1)
 2

00
3-

20
04

A
IR

G
EN

E
M

ul
ti 

ci
ty

 1
00

%
 M

en
FG

A
, F

G
B

, a
nd

 F
G

G
PM

10
Fi

br
in

og
en

FG
A

↑

n=
85

4
FG

B
↑

n 
to

t=
50

82

V
an

 H
ee

 (4
2)

 2
00

0-
20

02
M

ES
A

M
ul

ti 
ci

ty
 5

2%
 fe

m
al

e
A

C
E,

 A
D

R
B

2,
 A

G
T,

 T
LR

4,
V

EG
FA

,
re

si
de

nt
ia

l

n=
11

39

B
al

an
ce

d 
et

hn
ic

 g
ro

up
A

G
TR

1,
 A

LO
X

15
, E

D
N

1,
G

R
K

4,
 P

TG
S1

, P
TG

S2
,

V
EG

FB

pr
ox

im
ity

 to
m

aj
or

 ro
ad

w
ay

s
Le

ft 
ve

nt
ric

ul
ar

 m
as

s
(L

V
M

)
A

G
TR

1,
 A

LO
X

15
↑

**
n 

is
 th

e 
to

ta
l n

um
be

r o
f s

ub
je

ct
s, 

n 
to

t i
s t

he
 to

ta
l n

um
be

r o
f o

bs
er

va
tio

ns
 in

cl
ud

in
g 

th
e 

re
pe

at
ed

 m
ea

su
re

m
en

ts

* D
ire

ct
io

n 
of

 te
rm

 fo
r i

nt
er

ac
tio

n 
be

tw
ee

n 
th

e 
ex

po
su

re
 a

nd
 th

e 
“a

t-r
is

k”
 g

en
ot

yp
e.

Prog Cardiovasc Dis. Author manuscript; available in PMC 2012 March 1.


