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Highlights

•	Update on the interactions between antioxidant genes and air pollution on health outcomes
•	Evidence is strongest for respiratory outcomes, including childhood asthma
•	Evidence is more limited and yet suggestive of interactions for cardiovascular health
•	Methodological limitations continue to hamper interpretation of existing findings
[bookmark: _Hlk25763604]Abstract

[bookmark: _Hlk29199462][bookmark: _Hlk29199409][bookmark: _Hlk29199350][bookmark: _Hlk25841152][bookmark: _Hlk29199471][bookmark: _Hlk29199477]Oxidative stress occurs when antioxidant defences, which are regulated by a complex network of genes, are insufficient to maintain the level of reactive oxygen species below a toxic threshold. Outdoor air pollution has long been known to adversely affect health and one prominent mechanism of action common to all pollutants is the induction of oxidative stress. An individual’s susceptibility to the effects of air pollution partly depends on variation in their antioxidant genes. Thus, understanding antioxidant gene-pollution interactions has significant potential clinical and public health impacts, including the development of targeted and cost-effective preventive measures, such as setting appropriate standards which protect all members of the population. In this review, we aimed to summarize the latest epidemiological evidence on interactions between antioxidant genes and outdoor air pollution, in the context of respiratory and cardiovascular health. The evidence supporting the existence of interactions between antioxidant genes and outdoor air pollution is strongest for childhood asthma and wheeze, especially for interactions with GSTT1, GSTM1 and GSTP1, for lung function in both children and adults for several antioxidant genes (GSTT1, GSTM1, GSTP1, HMOX1, NQO1, SOD2) and, to a more limited extent, for heart rate variability in adults for GSTM1 and HMOX1. Methodological challenges hampering a clear interpretation of these findings and understanding of true potential heterogeneity are discussed. 





[bookmark: _Hlk25822093][bookmark: _Hlk25822119]The detrimental effects of air pollution on health have been known for a long time and numerous studies have linked various markers of air pollution exposure to respiratory and cardiovascular health [1–4]. An important mechanism of action that is common to all air pollutants is the induction of oxidative stress [5]. Oxidative stress occurs when antioxidant defences are insufficient to maintain the levels of reactive oxygen species (ROS) below a toxic threshold (add references to other papers of the special issue). ROS are produced by cellular metabolism and play an important role in several physiological functions, including the immune response against pathogens. ROS levels increase in the presence of inflammation and infection but also as a result of exposure to environmental factors, which include air pollution as well as other ambient factors, such as passive smoking and occupational exposures, and lifestyle factors, such as diet and tobacco smoking. Cells can neutralize ROS accumulation through defence mechanisms that include antioxidant compounds, such as glutathione, selenium, zinc, and vitamins A, C and E, and antioxidant enzymes, such as superoxide dismutase, catalase and glutathione reductase, peroxidase and transferase. These antioxidant defence mechanisms are regulated by a complex network of antioxidant genes. Hence, an individual’s susceptibility to the effects of air pollution depends partly on the variation in their antioxidant genes, in addition to other factors such as age, sex, presence of underlying disease, socioeconomic position and lifestyle factors [6]. Genes modulating blood and tissue levels of antioxidant compounds and enzymes are therefore strong biologic candidates for the investigation of possible gene-pollution interactions [7]. 

Biologically, interaction between an antioxidant gene and an air pollutant means that the effect of the gene is directly or indirectly modified by the presence of the pollutant, and vice versa. Statistically, the interaction is a joint effect that is greater than what can be explained by their separate marginal effects, with “marginal” defined as the effect of the gene averaged over all the levels of the pollutant, and vice versa. When the primary interest is in the antioxidant gene, studying interactions may allow the detection of a genetic effect that manifests itself only in the presence of the pollutant. It may also help explain heterogeneity in the genetic effect observed across different populations, by demonstrating that the effect is modified by the pollutant whose distribution varies geographically. When the primary interest is in the pollutant, the aim is often to exploit available genetic knowledge to identify the underlying biological mechanism. From a public health perspective, another important aim is also to identify subgroups of individuals in a population who have increased genetic susceptibility to the effects of the pollutant, since this may inform health policy decision-making. The identification of subgroups with heightened susceptibility to air pollution might allow the implementation of targeted and cost-effective preventive measures and may lead to changes in environmental regulations so that appropriate standards are set which protect all members of the population, including those most vulnerable [8].

[bookmark: _Hlk25831406]We reviewed the literature to summarize the latest evidence on interactions between antioxidant genes and outdoor air pollutants (hereon referred to as GxE interactions), in the context of respiratory and cardiovascular health. We a priori chose to focus on these two health categories because they encompass the health outcomes most frequently investigated in the context of GxE interactions and because they capture highly prevalent health conditions. This work represents a substantial update on GxE interactions for respiratory health, as the most recent systematic review on this was published in 2011 [7], with a more recent review from 2016 focusing only on glutathione S-transferases (GST) genes [9]. For cardiovascular health, a comprehensive systematic review on gene-pollution interactions, which extends previous reviews from 2011 [10] and 2013 [11], was published during the writing of the current review [12]. Here we present an overview of their findings related to antioxidant genes, with the addition of two more studies identified by our search.

Review of the literature 

We searched MEDLINE on the 19th of September 2019, using a search strategy based on free text and MESH terms organised into four blocks linked with “AND”: 1) genes; 2) antioxidant; 3) pollution; 4) interaction. We limited our search to studies performed in humans. Details of the search are reported in the Supplemental Material.

This electronic search resulted in 2,383 publications. After screening the titles and abstracts and adding further publications identified through cross-checking of relevant papers, 43 and 19 publications relating to respiratory and cardiovascular health, respectively, were retained for data extraction, and 38 and 15 were subsequently included in this review. 

There are substantially more studies published on respiratory health, especially on asthma and lung function, compared to cardiovascular health (Figure 1). The number of studies identified per publication year is presented in Figure 2. The same time trend is apparent for both respiratory and cardiovascular health – a consistent number of studies were published at the end of the 2000s, followed by a drop, and then a smaller resurgence of published studies from 2015-2017. However, interpretation of these temporal trends is limited by the small number of publications per year. 

Antioxidant genes most commonly evaluated

The most commonly studied antioxidant genes in GxE studies on respiratory and cardiovascular health are presented in Figure 3. The GST genes, particularly GSTM1 and GSTP1 and to a lesser extent GSTT1, are the most commonly investigated genes. These genes code for glutathione S-transferases, a family of ubiquitous and multifunctional enzymes involved in cellular detoxification of xenobiotic and endobiotic compounds by conjugating glutathione to various substrates [13]. They protect against oxidative stress by conjugating glutathione with ROS and enabling their detoxification and elimination. The most commonly evaluated polymorphisms were the rs1695 polymorphism (Ile105Val) in GSTP1 and the presence of homozygous deletion (“null genotype”) for GSTM1 and GSTT1, which lead to a complete loss of enzyme activity and consequently to reduced antioxidant capacity [14].

The next most commonly investigated genes are NAD(P)H dehydrogenase quinone 1 (NQO1), catalase (CAT), heme oxygenase 1 (HMOX1) and superoxide dismutases (SOD). 

[bookmark: _Hlk29195858]The NQO1 gene product is an antioxidant detoxifying enzyme that responds to oxidative stress by converting quinones to hydroquinones, but it may also produce ROS by catalyzing the bioactivation of some quinones to more reactive hydroquinones that can kill malignant cells [15]. The most frequently investigated variant in NQO1 was rs1800566 (Pro187Ser) which is associated with altered enzyme activity [16].

The CAT gene codes for catalase, a heme enzyme that plays an important role in protecting the cell from oxidative damage caused by ROS. Catalase controls cellular hydrogen peroxide concentration by converting it to water and oxygen [17]. The most frequently investigated variants in the CAT gene were rs2300181 and rs1001179 (C262T), the latter which is known to be associated with reduced CAT activity [18].

The HMOX1 gene product is the inducible form of the heme oxygenase enzyme, induction of which represents a general response to oxidant stress [19]. Specifically, HMOX1 acts against oxidative stress by converting heme to biliverdin, a precursor of the powerful antioxidant bilirubin. The most studied polymorphism was a common (GT)n tandem repeat in the gene promoter which modifies HMOX1 gene expression in response to ROS [20].

The SOD genes code for three forms of superoxide dismutase, SOD1 (or Cu/Zn-SOD) located in the cytoplasm, SOD2 (or Mn-SOD) in the mitochondria and SOD3 in the extracellular matrix [21]. These enzymes play an important antioxidant role as they neutralize superoxide anion, one of the main ROS in the cell, by catalyzing its dismutation into hydrogen peroxide and oxygen. Of the three SOD genes, only the rs4880 polymorphism (Val16Ala) in SOD2 was investigated in the studies reviewed.

The nitric oxide synthases (NOS) genes were studied to a lesser extent. The NOS genes code for three isoforms of the NOS enzyme: neuronal (NOS1), inducible (NOS2) and endothelial (NOS3) [22], which catalyse the production of nitric oxide (nitric oxide has an antioxidant effect at low doses) from L-arginine. Only the NOS2 and NOS3 genes were studied in the context of respiratory health and cardiovascular health, respectively. 

Air pollutants most commonly evaluated

Commonly investigated markers of outdoor air pollution included oxidative gaseous pollutants (ozone, nitrogen dioxide (NO2), sulfur dioxide (SO2)) as well as particulate matter with an aerodynamic diameter < 10 µm (PM10) and < 2.5 µm (PM2.5), the latter of which is small enough to deposit in the lower respiratory tract [23] and translocate into the circulation to cause cardiovascular effects [24]. Less commonly investigated markers included, among others, distance to major road, diesel exhaust, black carbon, organic carbon, nitrogen oxides (NOx) and carbon monoxide (CO). 

[bookmark: _Hlk29195609][bookmark: _Hlk25066533][bookmark: _Hlk29195618]Among the studies reviewed, GxE interactions were examined with on average two air pollutants per study, although one study considered up to seven air pollutants [25]. For respiratory health, the most commonly investigated were ozone, NO2, PM10 and PM2.5 (Figure 4A). For studies on asthma and allergic diseases, nearly all studies investigated GxE interactions with long-term air pollution exposures estimated to the home address of study participants. For studies on lung function, a mixture of long-term and short-term air pollution exposures were considered, with an overrepresentation of studies investigating interactions with ozone, a potent gaseous oxidant that can easily reach and damage the lung [26]. Interestingly, most studies on lung function in adults looked at GxE interactions with ozone whereas those on lung function decline predominantly considered PM10.

For cardiovascular health, approximately one third of studies investigated GxE interactions with PM2.5 (Figure 4B), reflecting the relatively strong literature suggesting a role of particulate matter as a risk factor for cardiovascular disease and mortality [3]. Black carbon and NO2 were the next most commonly investigated pollutants. In contrast to the studies on respiratory health which were more varied, most studies on cardiovascular health investigated GxE interactions with short-term air pollution exposures.

Interactions between antioxidant genes and air pollution 

A summary of GxE interactions of antioxidant genes with air pollution on respiratory and cardiovascular health outcomes is presented in Table 1 and summarized in the following sections. 

Asthma and allergy related outcomes in children

[bookmark: _Hlk25909136]Childhood asthma was the most frequently assessed respiratory phenotype in the childhood GxE studies reviewed. Much of the evidence for this outcome has been derived from well characterized birth cohorts, such as the Children’s Health Study (CHS). The CHS recruited > 3,500 children from schools in 12 southern California communities in 1993 and a second group of fourth-grade students from the same schools in 1996, who were followed-up regularly. Air pollution levels (PM10, PM2.5, NO2 and ozone) were monitored continuously and based on annual averages, communities were categorized as having low or high pollution concentrations. The first study by the CHS examined GxE interactions of several pollutants with the rs1800629 (TNF-308) variant in the gene encoding the tumor necrosis factor, a cytokine with broad inflammatory and immune related functions, and how these interactions may be influenced by GST genotypes [27]. The authors reported that TNF-308 GG carriers were at reduced risk of lifetime wheezing, current wheezing and using any medication for wheezing if they lived in low-ozone communities (pint = 0.003, 0.04 and 0.02, respectively), and that this interaction was strongest among GSTM1 null carriers and GSTP1 105-Ile/Ile (rs1695) carriers, although formal three-way interactions were not reported. In a CHS subset of children with no history of asthma or wheezing symptoms at study entry (N = 1,610), asthma incidence throughout high school was suggestively found to increase with level of exercise among those with the GSTP1 105-Ile/Ile genotype [28]. Asthma incidence was highest for those with the GSTP1 105-Ile/Ile genotype who participated in at least three sports and lived in high ozone communities, although three-way interactions were not tested due to small sample sizes.

[bookmark: _Hlk25909295]Interactions between GST genes and air pollution have been observed in other birth cohorts as well. The largest (N > 5,000) was a pooled analysis of six birth cohorts (four from Western Europe and two from Canada) participating in the “Traffic, Asthma and Genetics” collaboration (TAG). GSTP1 114-Val (rs1138272) carriers were found to be at increased risk of NO2 for asthma and wheeze (pint = 0.04, 0.01 and 0.02 for current asthma, ever asthma and ever wheeze at seven/eight years of age, respectively) [29]. Note, this single nucleotide polymorphism (SNP) is different from that commonly evaluated in the GSTP1 gene, i.e. the Ile105Val (rs1695) genotype, for which results were null in this study. The Cincinnati Childhood Allergy and Air Pollution Study birth cohort (N = 570) reported suggestive evidence for adverse associations between diesel exhaust particle exposure and wheezing phenotypes among GSTP1 105-Val (rs1695) carriers only (pint = 0.08 and 0.16 for  wheezing at 12 and 24 months, respectively) [30]. The Australian high risk Melbourne Atopy Cohort Study (N = 620) reported that cumulative length of major roads within 150m of each participant’s residence was adversely associated with asthma and wheeze at 12 years among GSTT1 null carriers (pint = 0.02 and 0.04, respectively) [31]. Interestingly, adverse associations with cumulative length of major road were also observed with asthma and wheeze at 12 years among GSTM1 non-null carriers (pint = 0.04 and 0.02, respectively), which is opposite to most analyses which identify the GSTM1 null genotype as the risk variant. None of the reported GxE interactions replicated for outcomes assessed at 18 years. 

[bookmark: _Hlk29196921][bookmark: _Hlk29195914]Study designs other than birth cohorts have also been used to examine GxE interactions with GST genes. In 2004, a small nested case-control study including 61 asthmatic children and 95 controls living in three communities in Taiwan, considered as respectively having low, moderate or high air pollution levels, reported that the GSTP1 105-Ile/Ile genotype increased the risk of asthma in higher air pollution areas (pint = 0.035) [32]. In contrast, a second study on 151 asthmatic children participating in a randomized-control trial for antioxidant vitamin supplementation in Mexico found that ambient ozone exposure increased the risk of difficulty in breathing and bronchodilator use among children with the 105-Val/Val GSTP1 genotype (pint < 0.05). The ozone concentrations in this study were high (mean one-hour maximum concentration of 102 parts per billion, with standard deviation of 47), with 41% of the study days exceeding the Mexican standard for ozone (110 parts per billion one-hour maximum). This study also found a three-way gene-gene-ozone interaction, with the GxE interaction between ozone and the GSTP1 gene being even stronger among individuals who also had a GSTM1 null genotype (pint < 0.05) [33]. In fact, GST genotypes have been suggested to be involved in several potential three-way interactions (gene-gene-air pollution) for asthma phenotypes, such as with the FceRIb gene and ozone for wheezing in a case-control study of 214 wheezers and 185 non-wheezers in Taiwan [34] and the EPHX1 gene and distance to major road for lifetime asthma in the CHS birth cohort (N = 2,702) [35]. 

Antioxidation genes other than the GSTs have also been studied. Reduced asthma risk was associated with having HMOX1 short alleles among non-Hispanics (N = 1,125) in the CHS and this protective effect was largest in low ozone communities (pint = 0.003) [36]. Interactions between variants in CAT and the inflammatory MPO gene and low/high communities of NO2, ozone and PM10 in relation to respiratory-related school absences illness were also investigated in a subset (N =1,136) of the CHS [37]. Although no marginal genetic effects were detected, the risk of respiratory-related school absences was elevated for children with both the CAT G/G (rs1001179) and MPO G/A or A/A (rs2333227) variants, and this gene x gene interaction differed by levels of oxidant stress-producing air pollutants, especially by levels of ambient ozone (three-way pint = 0.03).

There is also one study that supports the existence of GxE interactions with short-term air pollution exposure for childhood asthma. Using data from 940 children participating in the CHS, a three-way interaction was found between short-term (seven day) PM2.5 cumulative average exposure, NOS2 haplotype (built on information from seven SNPs in NOS2) and percent iNOS promoter methylation  on elevated mean fractional exhaled nitric oxide (FeNO; three-way pint < 0.01), a marker of airway inflammation classically characteristic of asthma [38]. This study was particularly novel in that it reported that these associations are significantly larger among children with high FeNO levels, highlighting the importance of investigating effects across the entire distribution of FeNO. 

The evidence for allergy-related outcomes is more limited. A case-control study (542 children in each group) conducted within the Swedish BAMSE cohort found interaction effects between several GSTP1 SNPs and traffic NOx exposure for allergic sensitization at four years (pint ranged from <0.001 to 0.06) [39]. The interaction between GSTP1 Ile105Val and NOx was most pronounced in children with the TNF-308 GA/AA genotype, indicating the existence of a three-way interaction (pint = 0.001). In contrast, in the large TAG collaboration, GxE interactions were not found between NO2, ozone, PM2.5 mass and PM2.5 absorbance and two SNPs in the GSTP1 gene (rs1965 and rs1138272) with regards to allergic rhinitis and aeroallergen sensitization at seven/eight years of age [40]. This null finding is consistent with the results of another study on childhood allergic rhinitis within the Australian high risk Melbourne Atopy Cohort Study (N = 620) [31]. Furthermore, again as part of TAG, GxE interactions were examined between NO2 exposure at the time of birth and several genes including GSTP1 for atopic dermatitis outcomes [41]. Although no single SNP was associated with any of the outcomes, or interacted with NO2, a weighted genetic risk score (GRS; built on variation in nine SNPs with the GSTP1, TNF, and Toll-like receptor 2 (TLR2) and 4 (TLR4) genes) modified the association between NO2 and atopic dermatitis at age two years (pint = 0.029) but not at seven/eight years. 

Asthma and allergy related outcomes in adults

Although substantially fewer studies have been conducted in adults, there is nonetheless some evidence suggesting the existence of GxE interactions in adulthood asthma and allergic disease. In 2004, a landmark experimental study tested whether 19 patients sensitized to ragweed would exhibit different allergic responses based on their genetic makeup, after being challenged intranasally with combined diesel exhaust particles and allergen [42]. Compared with patients with a non-null GSTM1 genotype, GSTM1 null patients had a significantly larger increase in allergen-specific IgE and histamine concentrations in nasal washes (pint = 0.03 and 0.02, respectively) after diesel exhaust particles plus allergen challenge. The same was observed for GSTP1, with those carrying the 105-Ile/Ile genotype having greater allergic responses (pint = 0.03 and 0.01 for allergen-specific IgE and histamine, respectively). This enhancement in allergic response appeared greatest for patients with both the GSTM1 null and GSTP1 105-Ile/Ile genotypes (p = 0.0034 for IgE and 0.0073 for histamine, calculated by Wilcoxon test).

Using data from 13 cities participating in the European Community Respiratory Heath Survey II (N = 2,920), interactions between NO2 and several genes were examined (GSTP1, GSTM1, GSTT1, TNF-α, NQO1, TLR4 and ADRB2) [43]. Consistent evidence for an interaction was only observed between NO2 and NQO1 (rs2917666) for several asthma definitions tested (i.e. pint was 0.02 and 0.04 for asthma prevalence and new onset asthma, respectively) and this interaction was suggested to be stronger in non-atopic asthmatics and females. 

The adult Tasmanian Longitudinal Health Study examined GxE interactions with NO2 and distance to a major road from the home addresses at the 45 year follow-up for asthma, wheeze, sensitization and lung function [44]. Using cross-sectional data from a subset of participants in the 45-year follow-up (N = 1,405), the authors reported that living less than 200 meters from a major road was associated with an increased risk of overall sensitization, house dust mite sensitization, current wheeze, current asthma and current atopic asthma, with those with a GSTT1 null genotype at increased risk (pint values ranged from 0.01 to 0.04). In a longitudinal follow-up of this work (N = 709 participating in both the 45 and 50-year follow-ups) the authors reported similar adverse associations of living less than 200 meters from a major road with asthma and wheeze among GSTT1 null carriers, although interactions were not significant (pint = 0.09 and 0.10, respectively) [45]. In this follow-up study, GxE interactions with NO2 were also observed; adverse effects of NO2 on asthma and wheeze were only apparent among GSTP1 105-Val carriers (pint = 0.06 and 0.02, respectively). 

Finally, a small case-control study on 64 adult asthmatics and 67 controls  conducted in Italy examined GxE interactions with several GST gene variants (GSTP1, GSTM1, GSTT1, GSTA1, GSTO1 and GSTO2) and long-term annual averages of PM10, ozone, NO2 and SO2 obtained from routine air pollution monitors [46]. Taking an exploratory graphical approach based on correspondence analysis, the authors reported suggestive evidence of an interaction of GST genes with air pollution on the risk of developing asthma.

Lung function in children

Almost all GxE interaction studies on lung function in children considered forced expiratory flow (FEF) and FEF at 25–75% of forced vital capacity (FVC), also called FEF25–75% or MMEF, as outcomes. 

Several studies have considered GxE interactions with short-term air pollutants. Two studies using data from randomized-control trials in Mexico on antioxidant supplementation (Vitamin C) in asthmatic children (N = 158 and 257, respectively) found suggestive evidence (pint = 0.10 and 0.09, respectively) of an interaction between short-term ozone exposure (one hour maximum) and GSTM1 on FEF25–75% [47,48]. Asthmatic children with the GSTM1 null genotype appeared to be more susceptible to the effect of ozone on FEF25–75%, and this effect seemed stronger in children with low vitamin C intake. Another small study on 97 schoolchildren from Taiwan found that the negative effect of short-term ozone exposure (eight hour average) on FEF25% was larger in children with the SOD2-V16A Ala variant (rs4800, pint = 0.04) [25]. This study did not find GxE interactions with other air pollutants (PM10, CO, NO2 and SO2) nor with the GST genes on lung function. In another study on 129 South African schoolchildren, fluctuations in forced expiratory volume in 1 second (FEV1) levels over a five day period (FEV1 intraday variability, which is a marker of asthma aggravation), were assessed in relation to daily changes in PM10, SO2, NO2 and NO exposure [49]. Greater FEV1 intraday variability was found associated with higher PM10 and SO2 exposure among carriers of the GSTP1 105-Val genotype (rs1965), and with higher SO2 exposure among carriers of the GSTM1 null genotype (pint < 0.05). Unexpectedly, this study also found that increased NO2 and NO exposure was associated with lower FEV1 variability in carriers of the GSTM1 and GSTP1 risk genotypes (pint < 0.05). Finally, a small study in 43 schoolchildren from Korea found that short-term exposure to PM2.5 and concentrations of manganese and lead in PM10 reduced the peak expiratory flow rate, but this association was not modified by GST genes [50].

[bookmark: _Hlk29195722]Only two studies considered interactions with long-term exposure to air pollutants and lung function in children/adolescents. In a study of first year undergraduates of the University of California (USA; N= 210), lifetime ozone exposure was adversely associated with FEF75% in males with the GSTP1 Val-105 genotype and with FEF25–75% in females who had the combined GSTM1 null and homozygous NQO1 Pro187 (rs1800566) genotype  [51]. A second study in 2,106 schoolchildren from southern California reported that long-term annual average ozone exposure was associated with lower FEF25–75% in subjects with a specific haplotype of seven SNPs in the glutathione synthetase GSS gene, which plays an important role in reducing ROS (pint = 0.01) [52]. Furthermore, for the same GSS haplotype, there was a significant interaction with NO2 levels on FEF25–75% (pint = 0.03). 

Lung function levels and decline in adults

The most commonly assessed lung function outcomes in adults were FEV1, FVC, the ratio between FEV1 and FVC (FEV1/FVC) and FEF25–75%. 

[bookmark: _Hlk29196015]Four small experimental studies (N = 22 to 51) on short-term ozone exposure (15 minutes to 24 hours) did not find any GxE interactions (GSTM1, SOD2, and NQO1) on lung function [53–56]. However, an observational study assessing the interaction of short-term ozone exposure (one to five days) with two antioxidant genes (GSTP1 and HMOX1) on FEV1 and FVC levels in 1,100 elderly men of the Normative Aging Study (NAS), found a significant three-way interaction [57]. The adverse effect of ozone on FEV1 was stronger in subjects carrying both the GSTP1 105-Val (rs1695) and HMOX1 long repeat (pint = 0.045). The interaction between either of the genes with ozone was only marginally significant for GSTP1 on FEV1 (pint = 0.089). Although not formally tested, a second three-way interaction between ozone, NQO1 and GSTM1 on lung function was found in an experimental crossover study on 24 healthy non-smoking participants who performed lung function tests and Clara cell protein (CC16) measurements before and after biking two hours in ambient ozone concentrations (above or below 80 ppb) [58]. The negative effect of ozone on lung function (FEV1, FEF50% and FEF75%) after biking was only apparent for those with both the NQO1 wildtype allele and the GSTM1 null genotype, but not other genotype combinations, despite the small sample size of this group (only eight participants). Another small experimental cross-over study (N = 17) from Canada reported a significant change in FEV1 two hours after co-exposure to diesel exhaust and allergen in GSTT1 null carriers (pint = 0.001) [59]. This effect was not seen 24 hours after co-exposure nor in GSTM1 null carriers.

The only study that investigated associations between long-term air pollution exposure and lung function levels in adults found that adverse effects of NO2 on FEV1 and FVC were only apparent among GSTT1 null carriers (pint = 0.05 and 0.01, respectively), using data from 709 participants of the Tasmanian Longitudinal Health Study [45]. They also reported, somewhat surprisingly, that living within 200m from a major road was associated with reduced FEV1 in GSTM1 non-null carriers (pint = 0.06), which is not the usual risk variant.

Four observational studies assessed GxE interactions between long-term air pollution exposure and lung function decline. Three of these studies were conducted in the Swiss Study on Air Pollution and Respiratory Diseases in Adults cohort (SAPALDIA). Two of these studies assessed if antioxidant genes modified the association between long-term PM10 exposure and lung function decline (FEV1, FEV1/FVC and FEF25-75%) over a 11 year period (N = 4,365 and 669, respectively) [60,61]. The first reported that a reduction in PM10 exposure significantly attenuated the annual decline in FEF25-75% in those not carrying the HMOX1 haplotype ATC (haplotype based on rs2071746, rs735266 and rs5995098, adjusted pint = 0.009), those with a long HMOX1 repeat (adjusted pint = 0.041) and those with the GSTP1 105-Val/Val genotype (rs1695, adjusted pint = 0.049) [60]. The second study tested GxE interactions between long-term PM10 exposure and many oxidative-stress related candidate genes and pathways (12,679 SNPs in 152 genes and 14 pathways) [61]. They did not identify GxE interactions with any antioxidant genes but did report interactions (after correction for multiple testing) between PM10 and two genes, SNCA (synuclein alpha) and PARK2 (Parkinson disease protein 2), which have been linked to oxidative stress and mitochondrial dysfunction. Upon higher PM10 exposure, G allele carriers of rs2035268 in SNCA had greater declines in FEV1/FVC (pint = 2.5x10-6) and those with the TT-genotype of rs12190800 in PARK2 had greater declines in FEV1 (pint = 9.8x10-8). The third study conducted in SAPALDIA was a genome-wide interaction study (GWIS), which did not identify any GxE interactions between PM10 exposure and any oxidative stress genes on FEF25–75% decline [62], possibly because of low power given the strict thresholds required to achieve statistical significance in genome-wide studies and the small discovery sample size (N = 763). Finally, the fourth study, conducted in 651 elderly men in NAS, found GxE interactions between long-term black carbon exposure (one- and five-year moving averages) and an antioxidant GRS (CAT, HMOX1, NQO1, GC and GCLM) on lung function decline. Subjects with a high oxidative stress GRS had greater declines in FVC and FEV1 (pint = 0.0003 and 0.01, respectively, for a five-year decline). Interestingly, no GxE interactions were found using cross-sectional lung function data [63]. 

Cardiovascular outcomes in adults

All identified studies on cardiovascular health were conducted in adults. The first seven GxE interaction studies (published from 2005 to 2010) were performed using data from NAS [64–70]. NAS is a longitudinal study established in 1963 which studied the effect of aging on multiple health outcomes in elderly male veterans (mean age of 72 at recruitment) living in the greater Boston area, USA [71]. The study sample used to test GxE interactions ranged from 457 to 1,000 participants. GxE interactions were tested with short-term (one- to 48-hour) exposures to air pollutants (PM2.5, black carbon, ozone, SO2, sulfate, NO2 and CO) measured less than one kilometre from the examination site. 

Heart rate variability (HRV), which is the variation in time intervals between normal heartbeats, is the most studied cardiovascular outcome, in combination with PM2.5 exposure. GxE interaction effects between PM2.5 and antioxidant genes for HRV were assessed in four NAS publications [65,67,68,70]. Two of these studies found that PM2.5 exposure decreased high-frequency HRV among subjects with a GSTM1 null genotype  or with the wildtype genotypes of two variants of the hemochromatosis gene (HFE; C282Y - rs1800562 and H63D - rs1799945; pint = 0.02) [67,68]. Metals within air pollution can induce oxidative stress and given HFE’s role in iron uptake, it is thought to be able to modify this effect [67]. The third study identified a three-way interaction for three HRV outcomes; increasing PM2.5 exposure was associated with decreased standard deviation of the normal-to-normal interval (pint = 0.008), decreased high frequency (pint = 0.011) and decreased low frequency (pint = 0.039) among carriers of the GSTM1 null and long repeat in HMOX1 variants [65].

An additional repeated-measures panel study in an elderly Korean population (KEEP study)assessed the interaction of 46 SNPs in 18 genes (including CAT, GSTP1, NOS3, NQO1 and SOD2) and short-term air pollution exposure (daily mean PM10, NO2, and SO2) on HRV and blood pressure [72]. Although it was not specified which genes interacted with which air pollutants, the study reported significant GxE interactions (pint < 0.05) for 33 SNPs for HRV and 15 SNPs for blood pressure. In addition, generated unweighted GRSs strongly interacted with all three air pollutants for the HRV outcomes (standard deviation of the normal-to-normal interval, root mean square of the successive differences, high and low frequency HRV; pint <0.001) and moderately interacted for the blood pressure outcomes (systolic and diastolic blood pressure, as well as mean arterial pressure; pint <0.05). Three other GxE studies, of which two were conducted within NAS and one in a crossover study on 24 healthy never-smoking participants in the USA, did not find significant interactions between several antioxidant genes (GST genes, NQO1, CAT, and HMOX1) and air pollution exposures (black carbon, PM2.5 and ozone) for blood pressure outcomes [55,66,69].

Heart-rate-corrected QT interval (QTc) was also investigated in NAS. No significant GxE interactions were found between the HMOX1, HFE, NQO1, CAT and GST genes with black carbon, NO2 and CO, but there was a suggestive interaction between an unweighted GRS built on these genes and black carbon [64].

GxE interactions with long-term (traffic-related) air pollution exposure have also been studied. A Swedish case-control study on coronary heart disease (INTERGENE/ADONIX study; N = 1,429) assessed GxE interactions between the GST genes and long-term traffic-related air pollution exposure (NO2 exposure) on the risk of acute myocardial infarction and hypertension, but found no significant GxE interactions [73]. Two genes that are not directly antioxidant genes but nonetheless related to inflammation and oxidative stress, AGTR1 and ALOX15, showed interaction with residential proximity to major roadways (at a false discovery rate threshold of 20%) in the USA Multi-Ethnic Study of Atherosclerosis (MESA) (N=1,376) [74]. The association between living close (less than 50 meters) to major roads and percent difference in left ventricular mass, a strong predictor of cardiovascular disease, was greater in homozygotes for the G allele in AGTR1 (rs6801836) and homozygotes for the C allele in ALOX15 (rs2664593). In addition, two GWISs assessed the effect of long-term traffic exposure (proximity to nearest road) on two cardiovascular disease related outcomes (peripheral arterial disease and coronary atherosclerosis) within the multi-ethnic CATHGEN cohort (N = 2,100), but did not identify any GxE interactions with antioxidant genes [75,76].

Finally, although we did not systematically review studies on biomarkers, we briefly report GxE interactions on biomarkers that were investigated in the context of cardiovascular disease (results not included in Figures and Table). A panel study including 22 diabetics (mean age 61 years) in the USA investigated interactions between GSTM1 and short-term PM2.5 exposure on several markers of systemic inflammation, coagulation, autonomic control of heart rate and repolarization, and found significant interactions for red blood cell count (pint = 0.011) and total haemoglobin (pint = 0.024), with GSTM1 null carriers being at increased risk [77]. Another study in NAS (N = 809) found that black carbon exposure (one to three day averages) was associated with a higher increase in levels of soluble vascular cell adhesion molecule (sVCAM-1) in serum, a biomarker associated with hypertension and atherosclerosis, in subjects with the GSTM1-null genotype (pint = 0.02) [78]. Furthermore, higher plasma homocysteine levels, which are strongly associated with an increased cardiovascular disease risk, were found in subjects with the wildtype HFE-C282Y (rs1800562) genotype upon black carbon or PM2.5 exposure in NAS (N = 1,000)  [70]. In the same study, interactions between GSTT1 (null at increased risk) and black carbon exposure and CAT (non-wild type rs2300181 at increased risk) with PM2.5 were also shown to modify homocysteine levels. Interestingly, a recent study in newborns from Belgium (N = 490) found that PM2.5 exposure during the first trimester of pregnancy increased cord plasma homocysteine levels in SOD2 AG/AA carriers (pint = 0.02) [79]. 







Discussion

In this review, we found evidence from numerous studies supporting the existence of GxE interactions for antioxidant genes with outdoor air pollution on respiratory and cardiovascular outcomes. 

The evidence is strongest for childhood respiratory health, for which there is the largest number of studies, especially for interactions with the GST genes on childhood asthma and wheeze. There is also evidence for sensitization, with two out of three studies which considered this outcome reporting some GxE interactions with GST genes. The evidence for other allergic phenotypes is much weaker; no GxE interactions were observed in the two studies on allergic rhinitis and a GxE interaction with a genetic risk score (GRS) was observed in the single study on atopic dermatitis. Among adults, the evidence is less strong for asthma and allergic phenotypes as much fewer studies have been conducted, although some GxE interactions have been observed for antioxidant genes (HMOX1 and GST genes). For lung function, numerous studies have found GxE interactions in both children and adults, and these interactions have been observed for a wide range of antioxidant genes (GSTT1, GSTM1, GSTP1, HMOX1, NQO1, SOD2, as well as GRS). 

All studies on cardiovascular health were conducted in adults, and over half were performed within the NAS which consists exclusively of elderly men. Most studies analysed intermediate outcomes rather than clinical conditions, particularly blood pressure and heart rate variability. The strongest evidence for GxE interactions was found for heart rate variability (interactions with GSTM1 from two studies, HMOX1 from one study and a GRS from one study. The evidence is very weak for blood pressure and hypertension, as only one study out of five found GxE interactions using a GRS. No GxE interactions were found for acute myocardial infarction, peripheral arterial disease and coronary atherosclerosis in the two studies that assessed these outcomes. Interestingly, although GSTP1 was one of the most commonly investigated genes, no study found GxE interactions with this gene for any of the cardiovascular outcomes.

As others have previously reported [7,9], one aspect which complicates the interpretation of the effect of GSTP1 Ile105Val on respiratory health is that there is conflicting evidence as to which allele heightens the effect of air pollution on health. Studies in children have identified the 105-Ile/Ile carriers as being at higher risk for asthma phenotypes [28,32] whereas 105-Val carriers appear to be at higher risk for wheezing [30,33]. Only one study found an interaction for adult asthma and it identified 105-Val carriers as being at higher risk [45]. The more limited evidence for allergic diseases [39,42] and lung function [49,57,60] also showed inconsistency in terms of which allele increases the detrimental effect of air pollution. 

Effects in opposite directions were also observed for other genes. For example, there is strong evidence demonstrating the biological mechanism by which GSTM1 and GSTT1 null carriers are likely to be at increased risk of air-pollution induced oxidative stress because of a complete loss of enzyme activity and thus reduced antioxidant capacity [14] Indeed, several studies identified the GSTM1 [9,42,65,68] and GSTT1 [9,44,45,59] null variants as being at higher risk of adverse air pollution effects. However, the GSTM1 non-null genotype was also associated with greater air pollution detrimental effects on asthma and wheeze in 250 12 year-olds [31] and on lung function in 709 adults [45] in two studies conducted in Australia, as well as on FEV1 intraday variability (a marker of worsening asthma) in 129 South African schoolchildren [49]. These unexpected findings may be attributable to complex three-way interactions with other genetic or environmental factors not considered in these analyses but may also be the consequence of false positive findings and possibly reporting bias. The issue of false positive findings is addressed by adjusting for multiple testing, but this was done by a minority of the studies reviewed. Most GxE interactions identified in the studies reviewed had corresponding pint values between 0.01 and 0.05, suggesting that nearly any correction for multiple testing would have rendered these results “non-significant”. Some authors chose to account for multiple testing but using a lenient threshold (e.g. false discovery rate of 0.2 [74]), thus being unable to exclude that some of their findings may have arisen by chance. 

Another reason which may explain the lack of replication in GxE interaction studies is the use of small sample sizes and their insufficient statistical power, which increases the probability of false negative findings. As a rule of thumb, detection of an interaction effect requires four times the sample size needed to detect a main effect of equal magnitude [80]. The median sample size of the studies reviewed was 660 participants, suggesting that many of them may have been underpowered to detect GxE interactions. Some initiatives have attempted to address this issue by pooling data across cohorts as was done in the “Traffic, Asthma and Genetics” collaboration which included between 4,000 - 5,000 children in many of the analyses performed [29,40,41]. 

A situation where the issue of statistical power is particularly problematic is that of genome-wide interaction studies. GWIS allow for the investigation of GxE interactions with any gene across the whole genome in a hypothesis-free manner, but adherence to strict genome-wide significance thresholds to protect against false positive findings means that they require very large sample sizes to detect any GxE interactions. In the four GWISs reviewed, which had sample sizes ranging from 763 to 2,177, little evidence of gene-pollution interactions was found and no antioxidant genes were implicated [62,75,76,81].

This general issue of low statistical power to detect gene-environment interactions is amplified when testing interactions with air pollution, for which there is typically substantial measurement error in the exposure assessment. Exposure misclassification was likely high in most of the studies reviewed, except the five experimental studies which utilized controlled exposures [53–56]. In terms of statistical power, there is a tradeoff between sample size and accuracy of air pollution exposure measurement, and investigators of observational studies need to decide whether to aim at large sample sizes with simple assessment methods that have high measurement error, or smaller sample size with more precise assessment methods, such as using personal monitors. Reducing measurement error in the outcome assessment, for example by choosing well characterised disease phenotypes, can also increase power to detect GxE interactions. Future studies should carefully consider whether choosing a study design with fewer participants, but more accurate disease assessment and measurement of air pollution exposures could be cost-effective, and in any case, sample size calculations should be performed to ensure that the study is sufficiently powered, which is rarely done in practice. 

Some studies reviewed attempted to address the issue of both limited power and multiple testing by examining interactions with genetic risk scores, which combine data from different genetic variants within a single variable. The use of GRSs thus reduces the number of tests that need to be conducted and can increase the power to detect GxE interactions [82]. GRSs were used in three respiratory and three cardiovascular studies, and interactions were found for lung function measures [63], atopic dermatitis [41], heart rate variability and blood pressure [72]. However, some of these scores were not exclusively built on antioxidant genes, including for example inflammation-related genes [41][83], so that the biological interpretation of the GxE interactions identified is limited by the impossibility of disentangling the role of different pathways. Other studies included only antioxidant genes in their GRS, chosen based on a priori knowledge of their antioxidant function [47,70], or on the investigation of their effect on markers of oxidative stress, such as 8-hydroxydeoxyguanosine (8-OHdGs) [72]. Although using an antioxidant GRS for the study of GxE interactions can be very useful when power is limited, analysing the individual genetic variants may help identify the specific underlying biological mechanism of a pollutant.

Inconsistencies in GxE findings across studies may also represent genuine heterogeneity of the interaction effects in different populations, possibly due to the influence of other genetic and/or environmental factors. Several studies suggested the existence of three-way interactions with air pollution and either two antioxidant genes [27,57,65] or an antioxidant gene with another gene related to inflammation (MPO [37] and TNF [39]) or to the detoxification of exogenous chemicals (EPHX1 [35]). Three-way interactions between an antioxidant gene, a pollutant and another exposure were also suggested, for example with exercise [28], second-hand tobacco smoke and mould [30] and vitamin C intake [47]. However, although suggestive trends were frequently reported, most studies recognized being underpowered to conduct formal three-way interaction testing. 

There is no clear evidence as to which specific pollutant might be most important in GxE for both respiratory and cardiovascular health outcomes. For example, although ozone and NO2 were the most commonly investigated pollutants for lung function (12 studies) and asthma (eight studies), they are not over-represented among those for which GxE interactions were identified (Table 1). Interestingly, GxE interactions were observed for all types of pollutants measured, including gaseous compounds (NO2, ozone, SO2), particulate matter (PM10 and PM2.5), as well as more crude measures of traffic exposures (e.g. distance to major road, cumulative road length), and for both long-term and short-term air pollution exposures. There is likely to be heterogeneity in the oxidative stress potential of various air pollutants, especially for particulate matter, for which composition may be as important as concentration in terms of determinantal effects on health [84]. Only one small study reviewed examined specific components of particulate matter (iron, manganese, lead, zinc and aluminium) and found no GxE interactions with any of these metals [50]. 

Oxidative stress induced by air pollutants can have direct effects through production of free radicals, but also indirect effects through induction of inflammation [85]. In this review we considered the interactions between antioxidant genes and outdoor air pollution on respiratory and cardiovascular outcomes but studying the effect of these GxE interactions also on inflammatory outcomes could give insight into the underlying mechanisms. For example, subjects with the GSTM1 null-genotype had a higher increase in inflammatory cytokine interleukin-6 (IL-6) levels with short-term PM2.5 exposure [77], an increase in airway neutrophils with short-term ozone and PM2.5 exposure [53], and suggestive greater effects of traffic-related particle exposure (particle number and black carbon) on the inflammatory marker C-reactive protein [86]. In addition, studying the joint effect of antioxidant and inflammatory genes in three-way interactions, as in some of the reviewed studies [37,39], could further our understanding of the complex biological interaction between these two pathways. 

Investigation of the effect of gene-pollution interactions on epigenetics could also be considered with the aim of clarifying the underlying mechanism of action. Epigenetics refers to the regulation of gene activity with no alteration of the DNA sequence, and epigenetic changes have been described in response to environmental exposure, including air pollution [87]. One of these epigenetic mechanisms is the addition of a methyl group to the DNA, referred to as DNA methylation, which typically reduces the expression of the gene and therefore its activity [88]. An epigenetic investigation in the NAS showed that increasing black carbon concentrations were associated with lower DNA methylation across the genome (based on repetitive DNA elements) in subjects with the GSTM1 null genotype [89].


Conclusions

There is increasing evidence from epidemiological studies suggesting that the adverse effect of outdoor air pollution on respiratory and cardiovascular health is affected by genetic variation in antioxidant genes. However, a clear interpretation of existing findings and an evaluation of true potential heterogeneity is hampered by methodological limitations. The lack of adequately powered studies and appropriate correction for multiple testing has resulted in poor replication of findings across studies. Future work should focus on understanding the underlying mechanisms for both acute and chronic health outcomes, including the evaluation of potential epigenetic mechanisms that can explain interactions of antioxidant genes with air pollution. Identifying which pollutants (and their components) may be most harmful and the critical time periods of exposure should be prioritized. This will aid in the development and implementation of effective preventive measures that protect all members of the population against the adverse effects of outdoor air pollution, including those most vulnerable.
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[bookmark: _Hlk25656713]Table 1. Reported GxE interactions of antioxidant genes with air pollution on respiratory and cardiovascular health outcomes. Only GxE interactions formally tested and reported to have a p-value < 0.05 are included. Italic text indicates studies conducted on adults.
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	GSTM1
	GSTT1
	GSTP1
	HMOX1
	CAT
	NQO1
	SOD2
	NOS2
	Genetic risk score
	Other

	Ozone
	
	
	Difficulty breathing, bronchodilator use [33]1
Wheezing [34]2 
FEV1 [57]3
	Asthma (non-Hispanics only) [36] 
FEV1 [57]3
	School respiratory absences [37]4
	
	FEF25% [25] 
	
	
	GSS gene: FEF25-75% [52] 

	PM10
	
	
	FEV1 intraday variability [49]
FEF25-75% decline [60]
	FEF25-75% decline [60]
	
	
	
	
	Heart rate variability, blood pressure [72] 
	SNCA and PARK2 genes: FEV1/FVC decline [61] 

	PM2.5
	Heart rate variability [65]5

	
	
	Heart rate variability [65]5
	
	
	
	Fractional exhaled nitric oxide [38]6
	
	

	Black carbon
	
	
	
	
	
	
	
	
	FVC and FEV1 decline [63] 
	

	NO2 / NOx / NO
	FEV1 intraday variability [49]
	FEV1 and FVC [45]

	Asthma, wheeze [29]
Sensitization [39]7
Wheeze [45]
FEV1 intraday variability [49]
	
	
	Asthma 
[43]
	
	
	Atopic dermatitis [41]
Heart rate variability, blood pressure [72]

	GSS gene: FEF25-75% [52]

	SO2
	FEV1 intraday variability [49]
	
	FEV1 intraday variability [49]
	
	
	
	
	
	Heart rate variability, blood pressure [72]
	

	Diesel exhaust
	IgE and histamine [42]
	FEV1 % change 
[59]
	IgE and histamine [42]8
	
	
	
	
	
	
	

	Distance to major road / cumulative road length
	Asthma and wheeze [31]
	Asthma and wheeze [31]
Atopy, asthma and wheeze [44] 
	Asthma 
[35]9
	
	
	
	
	
	
	ALOX15 and AGTR1 genes: Left ventricular mass [74] 

	General air pollution categories
	
	
	Asthma [32] 
	
	
	
	
	
	
	


[bookmark: _Hlk25058154]1 Also a GSTM1*GSTP1*ozone 3-way interaction found
2 Only a FCERIB*GSTP1*ozone 3-way interaction found
3 Only a GSTP1*HMOX1*ozone 3-way interaction found
4 A CAT*MPO (GxG) and CAT*MPO*ozone 3-way interaction were found
5 Only a GSTM1*HMOX1*PM2.5 3-way interaction found
6 Only a NOS2*methylation*PM2.5 mass interaction found
7 Also a GSTP1*TNF*NOx 3-way interaction found
8 Also a GSTM1*GSTP1*diesel exhaust interaction found calculated by Wilcoxon test
9 Only a GSTP1*EPHX1*distance major road 3-way interaction found
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Figure 1: Proportion of studies that examined GxE interactions between at least one antioxidant gene and one air pollutant per health outcome.
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Figure 2: Number of studies that examined GxE interactions between at least one antioxidant gene and one air pollutant, on respiratory and cardiovascular outcomes
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Figure 3: Proportion of studies that examined GxE interactions between at least one antioxidant gene and one air pollutant per gene, on respiratory (A) and cardiovascular (B) outcomes.
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Figure 4: Proportion of studies that examined GxE interactions between at least one antioxidant gene and one air pollutant per air pollutant, on respiratory (A) and cardiovascular (B) outcomes. Note, three studies in the NO2 category for respiratory health assessed NOx exposures and one study in the distance to major road category for respiratory health assessed cumulative road length. 








[bookmark: _Hlk25334250]References

[1]	G. Bowatte, C. Lodge, A.J. Lowe, B. Erbas, J. Perret, M.J. Abramson, M. Matheson, S.C. Dharmage, The influence of childhood traffic-related air pollution exposure on asthma, allergy and sensitization: a systematic review and a meta-analysis of birth cohort studies, Allergy. 70 (2015) 245–256. https://doi.org/10.1111/all.12561.
[2]	H. Khreis, C. Kelly, J. Tate, R. Parslow, K. Lucas, M. Nieuwenhuijsen, Exposure to traffic-related air pollution and risk of development of childhood asthma: A systematic review and meta-analysis, Environ. Int. 100 (2017) 1–31. https://doi.org/10.1016/j.envint.2016.11.012.
[3]	D.E. Newby, P.M. Mannucci, G.S. Tell, A.A. Baccarelli, R.D. Brook, K. Donaldson, F. Forastiere, M. Franchini, O.H. Franco, I. Graham, G. Hoek, B. Hoffmann, M.F. Hoylaerts, N. Künzli, N. Mills, J. Pekkanen, A. Peters, M.F. Piepoli, S. Rajagopalan, R.F. Storey, Expert position paper on air pollution and cardiovascular disease, Eur. Heart J. 36 (2015) 83–93. https://doi.org/10.1093/eurheartj/ehu458.
[4]	E.S. Schultz, A.A. Litonjua, E. Melén, Effects of long-term exposure to traffic-related air pollution on lung function in children, Curr. Allergy Asthma Rep. 17 (2017) 41. https://doi.org/10.1007/s11882-017-0709-y.
[5]	F.J. Kelly, Oxidative stress: its role in air pollution and adverse health effects, Occup. Environ. Med. 60 (2003) 612–616. https://doi.org/10.1136/oem.60.8.612.
[6]	L.G. Hooper, J.D. Kaufman, Ambient air pollution and clinical implications for susceptible populations, Ann. Am. Thorac. Soc. 15 (2018) S64–S68. https://doi.org/10.1513/AnnalsATS.201707-574MG.
[7]	C. Minelli, I. Wei, G. Sagoo, D. Jarvis, S. Shaheen, P. Burney, Interactive effects of antioxidant genes and air pollution on respiratory function and airway disease: A HuGE review, Am. J. Epidemiol. (2011) DOI:10.1093/aje/kwq403. https://doi.org/10.1093/aje/kwq403.
[8]	Kramer C. Bradley, Cullen Alison C., Faustman Elaine M., Policy implications of genetic information on regulation under the Clean Air Act: the case of particulate matter and asthmatics, Environ. Health Perspect. 114 (2006) 313–319. https://doi.org/10.1289/ehp.8299.
[9]	G. Bowatte, C.J. Lodge, J.L. Perret, M.C. Matheson, S.C. Dharmage, Interactions of GST polymorphisms in air pollution exposure and respiratory diseases and allergies, Curr. Allergy Asthma Rep. 16 (2016) 85. https://doi.org/10.1007/s11882-016-0664-z.
[10]	A. Zanobetti, A. Baccarelli, J. Schwartz, Gene-Air Pollution Interaction and Cardiovascular Disease: A Review, Prog. Cardiovasc. Dis. (2011). https://doi.org/10.1016/j.pcad.2011.01.001.
[11]	S.A. Weichenthal, K. Godri-Pollitt, P.J. Villeneuve, PM2.5, oxidant defence and cardiorespiratory health: a review., Environ. Health Glob. Access Sci. Source. 12 (2013) 40. https://doi.org/10.1186/1476-069X-12-40.
[12]	C.K. Ward-Caviness, A review of gene-by-air pollution interactions for cardiovascular disease, risk factors, and biomarkers., Hum. Genet. 138 (2019) 547–561. https://doi.org/10.1007/s00439-019-02004-w.
[13]	J.D. Hayes, J.U. Flanagan, I.R. Jowsey, Glutathione transferases, Annu. Rev. Pharmacol. Toxicol. 45 (2005) 51–88. https://doi.org/10.1146/annurev.pharmtox.45.120403.095857.
[14]	D.L. Eaton, T.K. Bammler, Concise review of the glutathione S-transferases and their significance to toxicology., Toxicol. Sci. 49 (1999) 156–164. https://doi.org/10.1093/toxsci/49.2.156.
[15]	V. Vasiliou, D. Ross, D.W. Nebert, Update of the NAD(P)H:quinone oxidoreductase (NQO) gene family, Hum. Genomics. 2 (2006) 329. https://doi.org/10.1186/1479-7364-2-5-329.
[16]	D. Siegel, S.M. McGuinness, S.L. Winski, D. Ross, Genotype-phenotype relationships in studies of a polymorphism in NAD(P)H:quinone oxidoreductase 1., Pharmacogenetics. 9 (1999) 113–121. https://doi.org/10.1097/00008571-199902000-00015.
[17]	A. Deisseroth, A.L. Dounce, Catalase: physical and chemical properties, mechanism of catalysis, and physiological role, Physiol. Rev. 50 (1970) 319–375. https://doi.org/10.1152/physrev.1970.50.3.319.
[18]	R. Nadif, M. Mintz, A. Jedlicka, J.-P. Bertrand, S.R. Kleeberger, F. Kauffmann, Association of CAT polymorphisms with catalase activity and exposure to environmental oxidative stimuli, Free Radic. Res. 39 (2005) 1345–1350. https://doi.org/10.1080/10715760500306711.
[19]	L.A. Applegate, P. Luscher, R.M. Tyrrell, Induction of heme oxygenase: a general response to oxidant stress in cultured mammalian cells, Cancer Res. 51 (1991) 974–978.
[20]	N. Yamada, M. Yamaya, S. Okinaga, K. Nakayama, K. Sekizawa, S. Shibahara, H. Sasaki, Microsatellite polymorphism in the heme oxygenase-1 gene promoter is associated with susceptibility to emphysema, Am. J. Hum. Genet. 66 (2000) 187–195. https://doi.org/10.1086/302729.
[21]	L. Miao, D.K. St. Clair, Regulation of superoxide dismutase genes: Implications in disease, Free Radic. Biol. Med. 47 (2009) 344–356. https://doi.org/10.1016/j.freeradbiomed.2009.05.018.
[22]	R.G. Knowles, S. Moncada, Nitric oxide synthases in mammals., Biochem. J. 298 (1994) 249–258.
[23]	M. Guarnieri, J.R. Balmes, Outdoor air pollution and asthma, The Lancet. 383 (2014) 1581–1592. https://doi.org/10.1016/S0140-6736(14)60617-6.
[24]	N.L. Mills, K. Donaldson, P.W. Hadoke, N.A. Boon, W. MacNee, F.R. Cassee, T. Sandström, A. Blomberg, D.E. Newby, Adverse cardiovascular effects of air pollution, Nat. Clin. Pract. Cardiovasc. Med. 6 (2009) 36–44. https://doi.org/10.1038/ncpcardio1399.
[25]	B.-Y. Chen, C.-H. Chen, Y.-C. Chuang, H. Kim, Y. Honda, H.-C. Chiang, Y.L. Guo, Schoolchildren’s antioxidation genotypes are susceptible factors for reduced lung function and airway inflammation caused by air pollution., Environ. Res. 149 (2016) 145–150. https://doi.org/10.1016/j.envres.2016.05.007.
[26]	I.S. Mudway, F.J. Kelly, Ozone and the lung: a sensitive issue, Mol. Aspects Med. 21 (2000) 1–48. https://doi.org/10.1016/S0098-2997(00)00003-0.
[27]	Y.-F. Li, W.J. Gauderman, E. Avol, L. Dubeau, F.D. Gilliland, Associations of tumor necrosis factor G-308A with childhood asthma and wheezing, Am. J. Respir. Crit. Care Med. 173 (2006) 970–976. https://doi.org/10.1164/rccm.200508-1256OC.
[28]	T. Islam, K. Berhane, R. McConnell, W.J. Gauderman, E. Avol, J.M. Peters, F.D. Gilliland, Glutathione-S-transferase (GST) P1, GSTM1, exercise, ozone and asthma incidence in school children, Thorax. 64 (2009) 197–202. https://doi.org/10.1136/thx.2008.099366.
[29]	E.A. MacIntyre, M. Brauer, E. Melén, C.P. Bauer, M. Bauer, D. Berdel, A. Bergström, B. Brunekreef, M. Chan-Yeung, C. Klümper, E. Fuertes, U. Gehring, A. Gref, J. Heinrich, O. Herbarth, M. Kerkhof, G.H. Koppelman, A.L. Kozyrskyj, G. Pershagen, D.S. Postma, E. Thiering, C.M.T. Tiesler, C. Carlsten, GSTP1 and TNF gene variants and associations between air pollution and incident childhood asthma: the Traffic, Asthma and Genetics (TAG) Study, Environ. Health Perspect. 122 (2014) 418–424. https://doi.org/10.1289/ehp.1307459.
[30]	K.T. Schroer, J.M.B. Myers, P.H. Ryan, G.K. Lemasters, D.I. Bernstein, M. Villareal, J.E. Lockey, T. Reponen, S. Grinshpun, G.K.K. Hershey, Associations between multiple environmental exposures and glutathione S-transferase P1 on persistent wheezing in a birth cohort, J. Pediatr. 154 (2009) 401–408.e2. https://doi.org/10.1016/j.jpeds.2008.08.040.
[31]	G. Bowatte, C.J. Lodge, A.J. Lowe, B. Erbas, M. Dennekamp, G.B. Marks, J. Perret, J. Hui, M. Wjst, L.C. Gurrin, K.J. Allen, M.J. Abramson, M.C. Matheson, S.C. Dharmage, Do variants in GSTs modify the association between traffic air pollution and asthma in adolescence?, Int. J. Mol. Sci. 17 (2016) 485. https://doi.org/10.3390/ijms17040485.
[32]	Y.-L. Lee, Y.-C. Lin, J.-Y. Lee, T.-R. Wang, Y.L. Guo, Glutathione S-transferase P1 gene polymorphism and air pollution as interactive risk factors for childhood asthma, Clin. Exp. Allergy. 34 (2004) 1707–1713. https://doi.org/10.1111/j.1365-2222.2004.02099.x.
[33]	I. Romieu, M. Ramirez-Aguilar, J.J. Sienra-Monge, H. Moreno-Macías, B.E. del Rio-Navarro, G. David, J. Marzec, M. Hernández-Avila, S. London, GSTM1 and GSTP1 and respiratory health in asthmatic children exposed to ozone, Eur. Respir. J. 28 (2006) 953–959. https://doi.org/10.1183/09031936.06.00114905.
[34]	Y.-L. Lee, F.D. Gilliland, J.-Y. Wang, Y.-C. Lee, Y.L. Guo, Associations of FcɛRIβ E237G polymorphism with wheezing in Taiwanese schoolchildren, Clin. Exp. Allergy. 38 (2008) 413–420. https://doi.org/10.1111/j.1365-2222.2007.02916.x.
[35]	M.T. Salam, P.-C. Lin, E.L. Avol, W.J. Gauderman, F.D. Gilliland, Microsomal epoxide hydrolase, glutathione S-transferase P1, traffic and childhood asthma., Thorax. 62 (2007) 1050–1057. https://doi.org/10.1136/thx.2007.080127.
[36]	T. Islam, R. McConnell, W.J. Gauderman, E. Avol, J.M. Peters, F.D. Gilliland, Ozone, oxidant defense genes, and risk of asthma during adolescence, Am. J. Respir. Crit. Care Med. 177 (2008) 388–395. https://doi.org/10.1164/rccm.200706-863OC.
[37]	M. Wenten, W.J. Gauderman, K. Berhane, P.-C. Lin, J. Peters, F.D. Gilliland, Functional variants in the catalase and myeloperoxidase genes, ambient air pollution, and respiratory-related school absences: an example of epistasis in gene-environment interactions, Am. J. Epidemiol. 170 (2009) 1494–1501. https://doi.org/10.1093/aje/kwp310.
[38]	Y. Zhang, M.T. Salam, K. Berhane, S.P. Eckel, E.B. Rappaport, W.S. Linn, R. Habre, T.M. Bastain, F.D. Gilliland, Genetic and epigenetic susceptibility of airway inflammation to PM2.5 in school children: new insights from quantile regression, Environ. Health. 16 (2017) 88. https://doi.org/10.1186/s12940-017-0285-6.
[39]	E. Melén, F. Nyberg, C.M. Lindgren, N. Berglind, M. Zucchelli, E. Nordling, J. Hallberg, M. Svartengren, R. Morgenstern, J. Kere, T. Bellander, M. Wickman, G. Pershagen, Interactions between glutathione S-transferase P1, tumor necrosis factor, and traffic-related air pollution for development of childhood allergic disease, Environ. Health Perspect. 116 (2008) 1077–1084. https://doi.org/10.1289/ehp.11117.
[40]	E. Fuertes, M. Brauer, E. MacIntyre, M. Bauer, T. Bellander, A. von Berg, D. Berdel, B. Brunekreef, M. Chan-Yeung, U. Gehring, O. Herbarth, B. Hoffmann, M. Kerkhof, C. Klümper, S. Koletzko, A. Kozyrskyj, I. Kull, J. Heinrich, E. Melén, G. Pershagen, D. Postma, C.M.T. Tiesler, C. Carlsten, Childhood allergic rhinitis, traffic-related air pollution, and variability in the GSTP1, TNF, TLR2, and TLR4 genes: Results from the TAG Study, J. Allergy Clin. Immunol. 132 (2013) 342-352.e2. https://doi.org/10.1016/j.jaci.2013.03.007.
[41]	A. Hüls, C. Klümper, E.A. MacIntyre, M. Brauer, E. Melén, M. Bauer, D. Berdel, A. Bergström, B. Brunekreef, M. Chan-Yeung, E. Fuertes, U. Gehring, A. Gref, J. Heinrich, M. Standl, I. Lehmann, M. Kerkhof, G.H. Koppelman, A.L. Kozyrskyj, G. Pershagen, C. Carlsten, U. Krämer, T. Schikowski, TAG Study Group, Atopic dermatitis: Interaction between genetic variants of GSTP1, TNF, TLR2, and TLR4 and air pollution in early life, Pediatr. Allergy Immunol. Off. Publ. Eur. Soc. Pediatr. Allergy Immunol. 29 (2018) 596–605. https://doi.org/10.1111/pai.12903.
[42]	F. Gilliland, Y.-F. Li, A. Saxon, D. Diaz-Sanchez, Effect of glutathione-S-transferase M1 and P1 genotypes on xenobiotic enhancement of allergic responses: randomised, placebo-controlled crossover study, Lancet. 363 (2004) 119–125. https://doi.org/10.1016/S0140-6736(03)15262-2.
[43]	F. Castro-Giner, N. Kunzli, B. Jacquemin, B. Forsberg, R. de Cid, J. Sunyer, D. Jarvis, D. Briggs, D. Vienneau, D. Norback, J. Gonzales, G. Stefano, C. Janson, J.-M. Anto, M. Wjst, J. Heinrich, X. Estivill, M. Kogevinas, Traffic-related air pollution, oxidative stress genes, and asthma (ECHRS), Environ. Health Perspect. 117 (2009) 1919–1924.
[44]	G. Bowatte, C.J. Lodge, L.D. Knibbs, A.J. Lowe, B. Erbas, M. Dennekamp, G.B. Marks, G. Giles, S. Morrison, B. Thompson, P.S. Thomas, J. Hui, J.L. Perret, M.J. Abramson, H. Walters, M.C. Matheson, S.C. Dharmage, Traffic-related air pollution exposure is associated with allergic sensitization, asthma, and poor lung function in middle age, J. Allergy Clin. Immunol. 139 (2017) 122-129.e1. https://doi.org/10.1016/j.jaci.2016.05.008.
[45]	G. Bowatte, B. Erbas, C.J. Lodge, L.D. Knibbs, L.C. Gurrin, G.B. Marks, P.S. Thomas, D.P. Johns, G.G. Giles, J. Hui, M. Dennekamp, J.L. Perret, M.J. Abramson, E.H. Walters, M.C. Matheson, S.C. Dharmage, Traffic-related air pollution exposure over a 5-year period is associated with increased risk of asthma and poor lung function in middle age, Eur. Respir. J. 50 (2017). https://doi.org/10.1183/13993003.02357-2016.
[46]	S. Piacentini, R. Polimanti, B. Moscatelli, M.A. Re, R. Fuciarelli, D. Manfellotto, M. Fuciarelli, Glutathione S-transferase gene polymorphisms and air pollution as interactive risk factors for asthma in a multicentre Italian field study: A preliminary study, Ann. Hum. Biol. 37 (2010) 427–439. https://doi.org/10.3109/03014461003636419.
[47]	H. Moreno-Macías, D.W. Dockery, J. Schwartz, D.R. Gold, N.M. Laird, J.J. Sienra-Monge, B.E. Del Río-Navarro, M. Ramírez-Aguilar, A. Barraza-Villarreal, H. Li, S.J. London, I. Romieu, Ozone exposure, vitamin C intake, and genetic susceptibility of asthmatic children in Mexico City: a cohort study, Respir. Res. 14 (2013) 14. https://doi.org/10.1186/1465-9921-14-14.
[48]	I. Romieu, J.J. Sienra-Monge, M. Ramírez-Aguilar, H. Moreno-Macías, N.I. Reyes-Ruiz, B.E. del Río-Navarro, M. Hernández-Avila, S.J. London, Genetic polymorphism of GSTM1 and antioxidant supplementation influence lung function in relation to ozone exposure in asthmatic children in Mexico City, Thorax. 59 (2004) 8–10.
[49]	P. Reddy, R.N. Naidoo, T.G. Robins, G. Mentz, H. Li, S.J. London, S. Batterman, GSTM1 and GSTP1 gene variants and the effect of air pollutants on lung function measures in South African children., Am. J. Ind. Med. 55 (2012) 1078–1086. https://doi.org/10.1002/ajim.22012.
[50]	Hong Yun-Chul, Hwang Seung-Sik, Kim Jin Hee, Lee Kyoung-Ho, Lee Hyun-Jung, Lee Kwan-Hee, Yu Seung-Do, Kim Dae-Seon, Metals in particulate pollutants affect peak expiratory flow of schoolchildren, Environ. Health Perspect. 115 (2007) 430–434. https://doi.org/10.1289/ehp.9531.
[51]	C. Chen, M. Arjomandi, I.B. Tager, N. Holland, J.R. Balmes, Effects of antioxidant enzyme polymorphisms on ozone-induced lung function changes, Eur. Respir. J. 30 (2007) 677–683. https://doi.org/10.1183/09031936.00160806.
[52]	C. V Breton, M.T. Salam, H. Vora, W.J. Gauderman, F.D. Gilliland, Genetic variation in the glutathione synthesis pathway, air pollution, and children’s lung function growth., Am. J. Respir. Crit. Care Med. 183 (2011) 243–248. https://doi.org/10.1164/rccm.201006-0849OC.
[53]	N.E. Alexis, H. Zhou, J.C. Lay, B. Harris, M.L. Hernandez, T.-S. Lu, P.A. Bromberg, D. Diaz-Sanchez, R.B. Devlin, S.R. Kleeberger, D.B. Peden, The glutathione-S-transferase Mu 1 null genotype modulates ozone-induced airway inflammation in human subjects, J. Allergy Clin. Immunol. 124 (2009) 1222-1228.e5. https://doi.org/10.1016/j.jaci.2009.07.036.
[54]	M. Corradi, R. Alinovi, M. Goldoni, M.V. Vettori, G. Folesani, P. Mozzoni, S. Cavazzini, E. Bergamaschi, L. Rossi, A. Mutti, Biomarkers of oxidative stress after controlled human exposure to ozone, Toxicol. Lett. 134 (2002) 219–225. https://doi.org/10.1016/S0378-4274(02)00169-8.
[55]	M.W. Frampton, A. Pietropaoli, M. Dentler, D. Chalupa, E.L. Little, J. Stewart, L. Frasier, D. Oakes, J. Wiltshire, R. Vora, M.J. Utell, Cardiovascular effects of ozone in healthy subjects with and without deletion of glutathione-S-transferase M1, Inhal. Toxicol. 27 (2015) 113–119. https://doi.org/10.3109/08958378.2014.996272.
[56]	I.A. Yang, O. Holz, R.A. Jorres, H. Magnussen, S.J. Barton, S. Rodriguez, J.A. Cakebread, J.W. Holloway, S.T. Holgate, Association of tumor necrosis factor-α polymorphisms and ozone-induced change in lung function, Am. J. Respir. Crit. Care Med. 171 (2005) 171–176. https://doi.org/10.1164/rccm.200402-194OC.
[57]	S.E. Alexeeff, A.A. Litonjua, R.O. Wright, A. Baccarelli, H. Suh, D. Sparrow, P.S. Vokonas, J. Schwartz, Ozone exposure, antioxidant genes, and lung function in an elderly cohort: VA normative aging study, Occup. Environ. Med. 65 (2008) 736–742. https://doi.org/10.1136/oem.2007.035253.
[58]	E. Bergamaschi, G. De Palma, P. Mozzoni, S. Vanni, M. V Vettori, F. Broeckaert, A. Bernard, A. Mutti, Polymorphism of Quinone-metabolizing enzymes and susceptibility to ozone-reduced acute effects, Am. J. Respir. Crit. Care Med. 163 (2001) 1426–1431. https://doi.org/10.1164/ajrccm.163.6.2006056.
[59]	X. Zhang, J.A. Hirota, C. Yang, C. Carlsten, Effect of GST variants on lung function following diesel exhaust and allergen co-exposure in a controlled human crossover study., Free Radic. Biol. Med. 96 (2016) 385–391. https://doi.org/10.1016/j.freeradbiomed.2016.04.202.
[60]	I. Curjuric, M. Imboden, C. Schindler, S.H. Downs, M. Hersberger, S.L.J. Liu, G. Matyas, E.W. Russi, J. Schwartz, G.A. Thun, D.S. Postma, T. Rochat, N.M. Probst-Hensch, HMOX1 and GST variants modify attenuation of FEF25-75% decline due to PM10 reduction., Eur. Respir. J. 35 (2010) 505–514. https://doi.org/10.1183/09031936.00044309.
[61]	I. Curjuric, M. Imboden, R. Nadif, A. Kumar, C. Schindler, M. Haun, F. Kronenberg, N. Künzli, H. Phuleria, D.S. Postma, E.W. Russi, T. Rochat, F. Demenais, N.M. Probst-Hensch, Different genes interact with particulate matter and tobacco smoke exposure in affecting lung function decline in the general population, PLoS ONE. 7 (2012) e40175. https://doi.org/10.1371/journal.pone.0040175.
[62]	M. Imboden, A. Kumar, I. Curjuric, M. Adam, G.A. Thun, M. Haun, M.Y. Tsai, M. Pons, R. Bettschart, A. Turk, T. Rochat, N. Künzli, C. Schindler, F. Kronenberg, N.M. Probst-Hensch, Modification of the association between PM10 and lung function decline by cadherin 13 polymorphisms in the SAPALDIA cohort: A genome-wide interaction analysis, Environ. Health Perspect. (2015).
[63]	I. Mordukhovich, J. Lepeule, B.A. Coull, D. Sparrow, P. Vokonas, J. Schwartz, The effect of oxidative stress polymorphisms on the association between long-term black carbon exposure and lung function among elderly men., Thorax. 70 (2015) 133–137. https://doi.org/10.1136/thoraxjnl-2014-206179.
[64]	E.S. Baja, J.D. Schwartz, G.A. Wellenius, B.A. Coull, A. Zanobetti, P.S. Vokonas, H.H. Suh, Traffic-related air pollution and QT interval: modification by diabetes, obesity, and oxidative stress gene polymorphisms in the normative aging study., Environ. Health Perspect. 118 (2010) 840–846. https://doi.org/10.1289/ehp.0901396.
[65]	T. Chahine, A. Baccarelli, A. Litonjua, R.O. Wright, H. Suh, Gold Diane R., Sparrow David, Vokonas Pantel, Schwartz Joel, Particulate air pollution, oxidative stress genes, and heart rate variability in an elderly cohort, Environ. Health Perspect. 115 (2007) 1617–1622. https://doi.org/10.1289/ehp.10318.
[66]	I. Mordukhovich, E. Wilker, H. Suh, R. Wright, D. Sparrow, P.S. Vokonas, J. Schwartz, Black carbon exposure, oxidative stress genes, and blood pressure in a repeated-measures study., Environ. Health Perspect. 117 (2009) 1767–1772. https://doi.org/10.1289/ehp.0900591.
[67]	S.K. Park, M.S. O’Neill, R.O. Wright, H. Hu, P.S. Vokonas, D. Sparrow, H. Suh, J. Schwartz, HFE genotype, particulate air pollution, and heart rate variability: a gene-environment interaction., Circulation. 114 (2006) 2798–2805. https://doi.org/10.1161/CIRCULATIONAHA.106.643197.
[68]	J. Schwartz, S.K. Park, M.S. O’Neill, P.S. Vokonas, D. Sparrow, S. Weiss, K. Kelsey, Glutathione-S-transferase M1, obesity, statins, and autonomic effects of particles: gene-by-drug-by-environment interaction., Am. J. Respir. Crit. Care Med. 172 (2005) 1529–1533. https://doi.org/10.1164/rccm.200412-1698OC.
[69]	E. Wilker, M.A. Mittleman, A.A. Litonjua, A. Poon, A. Baccarelli, H. Suh, R.O. Wright, D. Sparrow, P. Vokonas, J. Schwartz, Postural changes in blood pressure associated with interactions between candidate genes for chronic respiratory diseases and exposure to particulate matter., Environ. Health Perspect. 117 (2009) 935–940. https://doi.org/10.1289/ehp.0800279.
[70]	C. Ren, S.K. Park, P.S. Vokonas, D. Sparrow, E. Wilker, A. Baccarelli, H.H. Suh, K.L. Tucker, R.O. Wright, J. Schwartz, Air pollution and homocysteine: more evidence that oxidative stress-related genes modify effects of particulate air pollution., Epidemiol. Camb. Mass. 21 (2010) 198–206. https://doi.org/10.1097/EDE.0b013e3181cc8bfc.
[71]	B. Bell, C.L. Rose, A. Damon, The Normative Aging Study: An Interdisciplinary and Longitudinal Study of Health and Aging, Aging Hum. Dev. 3 (1972) 5–17. https://doi.org/10.2190/GGVP-XLB5-PC3N-EF0G.
[72]	K.-N. Kim, J.H. Kim, K. Jung, Y.-C. Hong, Associations of air pollution exposure with blood pressure and heart rate variability are modified by oxidative stress genes: A repeated-measures panel among elderly urban residents, Environ. Health. 15 (2016) 47. https://doi.org/10.1186/s12940-016-0130-3.
[73]	A. Levinsson, A.-C. Olin, L. Modig, S. Dahgam, L. Björck, A. Rosengren, F. Nyberg, Interaction Effects of long-term air pollution exposure and variants in the GSTP1, GSTT1 and GSTCD genes on risk of acute myocardial infarction and hypertension: a case-control study, PLOS ONE. 9 (2014) e99043. https://doi.org/10.1371/journal.pone.0099043.
[74]	V.C. Van Hee, S.D. Adar, A.A. Szpiro., R.G. Barr, A.D. Roux, Bluemke David A., Sheppard Lianne, Gill Edward A., Bahrami Hossein, Wassel Christina, Sale Michele M., Siscovick David S., Rotter Jerome I., Rich Stephen S., Kaufman Joel D., Common genetic variation, residential proximity to traffic exposure, and left ventricular mass: the Multi-Ethnic Study of Atherosclerosis, Environ. Health Perspect. 118 (2010) 962–969. https://doi.org/10.1289/ehp.0901535.
[75]	C.K. Ward-Caviness, L.M. Neas, C. Blach, C.S. Haynes, K. LaRocque-Abramson, E. Grass, E. Dowdy, R.B. Devlin, D. Diaz-Sanchez, W.E. Cascio, M.L. Miranda, S.G. Gregory, S.H. Shah, W.E. Kraus, E.R. Hauser, Genetic variants in the bone morphogenic protein gene family modify the association between residential exposure to traffic and peripheral arterial disease, PLOS ONE. 11 (2016) e0152670. https://doi.org/10.1371/journal.pone.0152670.
[76]	C.K. Ward-Caviness, L.M. Neas, C. Blach, C.S. Haynes, K. LaRocque-Abramson, E. Grass, Z.E. Dowdy, R.B. Devlin, D. Diaz-Sanchez, W.E. Cascio, M.L. Miranda, S.G. Gregory, S.H. Shah, W.E. Kraus, E.R. Hauser, A genome-wide trans-ethnic interaction study links the PIGR-FCAMR locus to coronary atherosclerosis via interactions between genetic variants and residential exposure to traffic, PLOS ONE. 12 (2017) e0173880. https://doi.org/10.1371/journal.pone.0173880.
[77]	A. Schneider, L.M. Neas, D.W. Graff, M.C. Herbst, W.E. Cascio, M.T. Schmitt, J.B. Buse, A. Peters, R.B. Devlin, Association of cardiac and vascular changes with ambient PM2.5 in diabetic individuals., Part. Fibre Toxicol. 7 (2010) 14. https://doi.org/10.1186/1743-8977-7-14.
[78]	J. Madrigano, A. Baccarelli, R.O. Wright, H. Suh, D. Sparrow, P.S. Vokonas, J. Schwartz, Air pollution, obesity, genes and cellular adhesion molecules, Occup. Environ. Med. 67 (2010) 312–317. https://doi.org/10.1136/oem.2009.046193.
[79]	J.G.F. Hogervorst, N. Madhloum, N.D. Saenen, B.G. Janssen, J. Penders, C. Vanpoucke, I. De Vivo, K. Vrijens, T.S. Nawrot, Prenatal particulate air pollution exposure and cord blood homocysteine in newborns: Results from the ENVIRONAGE birth cohort, Environ. Res. 168 (2019) 507–513. https://doi.org/10.1016/j.envres.2018.08.032.
[80]	D.J. Hunter, Gene-environment interactions in human diseases, Nat. Rev. Genet. 6 (2005) 287–298. https://doi.org/10.1038/nrg1578.
[81]	A. Gref, S.K. Merid, O. Gruzieva, S. Ballereau, A. Becker, T. Bellander, A. Bergström, Y. Bossé, M. Bottai, M. Chan-Yeung, E. Fuertes, D. Ierodiakonou, R. Jiang, S. Joly, M. Jones, M.S. Kobor, M. Korek, A.L. Kozyrskyj, A. Kumar, N. Lemonnier, E. MacIntyre, C. Ménard, D. Nickle, M. Obeidat, J. Pellet, M. Standl, A. Sääf, C. Söderhäll, C.M.T. Tiesler, M. van den Berge, J.M. Vonk, H. Vora, C.-J. Xu, J.M. Antó, C. Auffray, M. Brauer, J. Bousquet, B. Brunekreef, W.J. Gauderman, J. Heinrich, J. Kere, G.H. Koppelman, D. Postma, C. Carlsten, G. Pershagen, E. Melén, Genome-wide interaction analysis of air pollution exposure and childhood asthma with functional follow-up, Am. J. Respir. Crit. Care Med. 195 (2017) 1373–1383. https://doi.org/10.1164/rccm.201605-1026OC.
[82]	H. Aschard, A perspective on interaction effects in genetic association studies, Genet. Epidemiol. 40 (2016) 678–688. https://doi.org/10.1002/gepi.21989.
[83]	A. Hüls, K. Ickstadt, T. Schikowski, U. Krämer, Detection of gene-environment interactions in the presence of linkage disequilibrium and noise by using genetic risk scores with internal weights from elastic net regression, BMC Genet. 18 (2017) 55. https://doi.org/10.1186/s12863-017-0519-1.
[84]	D. Traversi, R. Degan, R. De Marco, G. Gilli, C. Pignata, S. Villani, R. Bono, Mutagenic properties of PM2.5 urban pollution in the Northern Italy: The nitro-compounds contribution, Environ. Int. 35 (2009) 905–910. https://doi.org/10.1016/j.envint.2009.03.010.
[85]	M. Lodovici, E. Bigagli, Oxidative stress and air pollution exposure, J. Toxicol. (2011) 9. https://doi.org/10.1155/2011/487074.
[86]	A. Zeka, J.R. Sullivan, P.S. Vokonas, D. Sparrow, J. Schwartz, Inflammatory markers and particulate air pollution: characterizing the pathway to disease, Int. J. Epidemiol. 35 (2006) 1347–1354. https://doi.org/10.1093/ije/dyl132.
[87]	de F.C. Lichtenfels Ana Julia, van der Plaat Diana A., de Jong Kim, van Diemen Cleo C., Postma Dirkje S., Nedeljkovic Ivana, van Duijn Cornelia M., Amin Najaf, la Bastide-van Gemert Sacha, de Vries Maaike, Ward-Caviness Cavin K., Wolf Kathrin, Waldenberger Melanie, Peters Annette, Stolk Ronald P., Brunekreef Bert, Boezen H. Marike, Vonk Judith M., Long-term Air Pollution Exposure, Genome-wide DNA Methylation and Lung Function in the LifeLines Cohort Study, Environ. Health Perspect. 126 (n.d.) 027004. https://doi.org/10.1289/EHP2045.
[88]	P.A. Jones, Functions of DNA methylation: islands, start sites, gene bodies and beyond, Nat. Rev. Genet. 13 (2012) 484–492. https://doi.org/10.1038/nrg3230.
[89]	J. Madrigano, A. Baccarelli, M.A. Mittleman, R.O. Wright, D. Sparrow, P.S. Vokonas, L. Tarantini, J. Schwartz, Prolonged exposure to particulate pollution, genes associated with glutathione pathways, and DNA methylation in a cohort of older men., Environ. Health Perspect. 119 (2011) 977–982. https://doi.org/10.1289/ehp.1002773.


 



SUPPLEMENTAL MATERIAL


Antioxidant genes and susceptibility to air pollution for respiratory and cardiovascular health



Elaine Fuertes1, Diana van der Plaat1, Cosetta Minelli1

National Heart and Lung Institute, Imperial College London, London, United Kingdom




[bookmark: _GoBack]MEDLINE search strategy
On the 19th of September 2019, we searched MEDLINE for relevant papers using the following search strategy organised in 5 blocks, based on free text and MESH (Medical Subjects Headings) terms:
1. (gene or genes or genetic* or genotyp* or polymorphism* or SNP or SNPs or allele* or haplotyp* or genes [MeSH] or genetic polymorphism [MeSH] or genotype [MeSH] or genetic variation [MeSH]) 
AND
1. (anti-oxidant* or antioxidant* or oxidative or “nitrative stress” or “nitrosative stress” or “reactive oxygen” or ROS or oxidative stress [MeSH] or Nitrosative Stress [MeSH] or antioxidant [MeSH] or reactive oxygen species [MeSH])  
AND 
2. (pollut* or ozone or particulate matter or particles or nitrogen dioxide or nitric oxide or carbon monoxide or environmental pollution [MeSH] or air pollution [MeSH] or ozone [MeSH] or particulate matter [MeSH] or nitrogen oxides [MeSH] or carbon monoxide [MeSH])
AND  
3. (interaction* or susceptibility or responsiveness or “effect modification” or “effect modifier” or “effect modifiers” or predisposition [MeSH] or disease susceptibility [MeSH] or gene environment interaction [MeSH]) 
AND 
4. (humans [MeSH])
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