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Abstract

Background—Traffic-related air pollution (TRAP) exposure has been linked to type 2 diabetes 

and metabolic dysfunction in humans. Animal studies suggest that air pollutants may alter the 

composition of the gut microbiota, which may negatively impact metabolic health through changes 

in the composition and/or function of the gut microbiome.

Objectives—The primary aim of this study was to determine whether elevated TRAP exposure 

was correlated with gut bacterial taxa in overweight and obese adolescents from the Meta-AIR 

(Metabolic and Asthma Incidence Research) study. The secondary aim was to examine whether 

gut microbial taxa correlated with TRAP was also correlated with risk factors for type 2 diabetes 

(e.g., fasting glucose levels). We additionally explored whether correlations between TRAP and 

these metabolic risk factors could be explained by the relative abundance of these taxa.

Methods—Participants (17–19 years; n=43) were enrolled between 2014–2016 from Southern 

California. The CALINE4 line dispersion model was used to model prior year residential 

concentrations of nitrogen oxides (NOx) as a marker of traffic emissions. The relative abundance 

of fecal microbiota was characterized by 16S rRNA sequencing and spearman partial correlations 

were examined after adjusting for body fat percent.
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Results—Freeway TRAP was correlated with decreased Bacteroidaceae (r=−0.48; p=0.001) and 

increased Coriobacteriaceae (r=0.48; p<0.001). These same taxa were correlated with fasting 

glucose levels, including Bacteroidaceae (r=−0.34; p=0.04) and Coriobacteriaceae (r=0.41; 

p<0.01). Further, freeway TRAP was positively correlated fasting glucose (r=0.45; p=0.004) and 

Bacteroidaceae and Coriobacteriaceae explained 24% and 29% of the correlation between TRAP 

and fasting glucose levels.

Conclusions—Increased TRAP exposure was correlated with gut microbial taxa and fasting 

glucose levels. Gut microbial taxa that were correlated with TRAP partially explained the 

correlation between TRAP and fasting glucose levels. These results suggest that exposure to air 

pollutants may negatively impact metabolic health via alterations in the gut microbiota.
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Introduction

While type 2 diabetes is strongly linked with traditional risk factors such as poor diet and 

low physical activity and socio-economic status, recent reports suggest that exposures to 

traffic-related air pollution (TRAP) may also play an important and independent role in 

disease development beginning in childhood (Jerrett et al., 2014; Thiering et al., 2016; 

Toledo-Corral et al., 2016). The mechanisms underlying these correlations remain uncertain, 

yet one hypothesis involves exposure-induced effects of TRAP on the gut microbiota 

(Beamish et al., 2011). Studies have shown that the composition of the gut microbiota is 

altered during obesity and type 2 diabetes (Ley et al., 2006; Ross et al., 2015; Turnbaugh et 

al., 2006) and that each disease is transmissible through fecal transplants (Ridaura et al., 

2013; Vrieze et al., 2012). Despite this emerging evidence, no published studies in humans 

have examined whether air pollution exposure alters the composition and/or function of the 

gut microbiome as a possible mechanism by which increased exposure to TRAP increases 

type 2 diabetes risk.

Increased long-term exposure to air pollutants, including nitrogen oxides (NOx), nitrogen 

dioxide (NO2) and particulate matter (PM10 and PM2.5) have been shown to be associated 

with greater risk for type 2 diabetes (Alderete et al., 2017; Thiering et al., 2013; Weinmayr 

et al., 2015). Recent studies support a link between air pollution exposure and the gut 

microbiota, where ultrafine particles may reach the intestine through inhalation and diffusion 

from the lungs into systemic circulation or ingestion of inhaled particles following 

mucociliary clearance from the airways (Riva et al., 2017). Similar to TRAP, cigarette 

smoke represents a complex mixture of inhaled combustion products that may alter the 

composition and/or function of the gut microbiome. In humans, smoking cessation has been 

shown to increase gut microbial diversity (Biedermann et al., 2013) and mice exposed to 

chronic cigarette smoke had significant shifts in gut bacteria and altered intestinal mucins 

that support gut barrier integrity (Allais et al., 2016). Studies examining correlations 

between air pollution exposure and intestinal disease further support effects of air pollutants 

on the gut (Beamish et al., 2011; Kaplan et al., 2010; 2012). Rodent studies also indicate that 

ingestion of airborne sources of PM alter the gut microbiome and increase intestinal 
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inflammation (Dybdahl, 2003; Kish et al., 2013; Mutlu et al., 2011). Lastly, recent work 

found that increased concentrations of airborne PM altered bacterial biofilms as well as 

bacterial colonization in mice (Hussey et al., 2017). Collectively, this work suggests several 

possible mechanisms in which increased environmental concentrations of air pollutants may 

impact the human microbiome.

While emerging evidence indicates that air pollutants may impact the gut, it remains 

unknown whether these environmental stressors are associated with the composition of the 

human gut microbiota, which has the potential to impact metabolic health. The primary 

objective of this study was to determine whether residential based estimates of TRAP 

exposure were associated with the relative abundance of gut bacterial taxa in a subset of 

adolescents from the Meta-AIR (Metabolic and Asthma Incidence Research) study. We 

hypothesized that higher TRAP exposure would be associated with the relative abundance of 

bacterial lineages using 16S rRNA sequencing of stool. As a secondary aim, we investigated 

whether specific gut microbial taxa associated with air pollutants were also associated with 

risk factors for type 2 diabetes (i.e., fasting glucose, fasting insulin, insulin resistance, and 1- 

and 2-hour glucose). We additionally explored whether correlations between TRAP and 

these metabolic risk factors could be partially explained by the relative abundance of these 

gut bacterial taxa.

Research Design and Methods

Participants

The 43 participants included in this pilot study were recruited from the ongoing Meta-AIR 

study at the University of Southern California (USC) between 2014–2016. The Meta-AIR 

Study is recruiting 200 participants from Cohort E of the Children’s Health Study (CHS), 

which was a large school-based cohort study that began in 2002–2003. The primary aim of 

the Meta-AIR study is to examine the effects of TRAP exposures on metabolic health and 

adiposity during adolescence. As such, Meta-AIR participants are being recruited to 

represent the extremes of TRAP exposures in Southern California CHS communities using 

probability weighted sampling from their last visit (October 2011–June 2012). Based on this 

recruitment strategy, participants represent a wide range of modeled exposures to air 

pollutants. For example, mean freeway NOx exposure was 6.4 parts per billion (ppb) (range: 

0.01 to 26.5 ppb) in this pilot study, which was comparable to that currently observed in the 

ongoing Meta-Air study (mean: 6.1 ppb and range: 0.001 to 28.6 ppb). Inclusion criteria for 

Meta-AIR included participation in Cohort E of the CHS, age- and sex-specific body mass 

index (BMI) of ≥ 85th percentile at the date of their last visit, and the absence type 1 or type 

2 diabetes. Smokers were not excluded in this study but smoking was not highly prevalent 

and only four participants (9%) reported ever smoking in the previous week. Participants 

were excluded if they were using a medication or diagnosed with a condition known to 

influence insulin and/or glucose metabolism or body composition. For the current pilot 

study, participants were further excluded if they reported using antibiotics in the two weeks 

prior to their clinical visit. Before testing, informed written consent/assent was obtained 

from the parents/participant. The USC Institutional Review Board approved these studies.

Alderete et al. Page 3

Environ Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical Assessments

Participants from the Meta-AIR study are being extensively phenotyped for adiposity and 

metabolic outcomes during a clinical visit at the USC Diabetes and Obesity Research 

Institute. Briefly, clinical measures include height, weight, waist circumference, blood 

pressure, heart rate, body composition via dual-energy X-ray absorptiometry (DEXA) scans, 

and an oral glucose tolerance test (OGTT) after a 12-hour fast. For the current analysis, 

metabolic outcomes of interest included fasting glucose, fasting insulin, and the homeostatic 

model assessment of insulin resistance (HOMA-IR). Fasting insulin was assayed by Human 

Insulin ELISA Kit (EMD Millipore) and glucose was assayed by hexokinase-mediated 

reaction assay with Roche Covas C501. Insulin resistance was calculated by HOMA-IR 

[fasting glucose (mg/dL) * fasting insulin (μU/mL)/405]. Dietary information was available 

in 39 participants and was assessed using 24-hour diet recalls. Nutrition data were analyzed 

using the Nutrition Data System for Research (version 2014) developed at the University of 

Minnesota and provided average total energy and macronutrient intake.

Assessment of Exposure to Traffic-Related Pollutants

Residential exposure to traffic-modeled pollutants from local freeway and non-freeway 

sources was estimated using street-level residential addresses of participants. Street-level 

residential addresses of participants were standardized and geocoded at the parcel centroid 

(the likely center of a residential building). These parcel level and match quality codes were 

obtained using the Texas A&M Geocoder (http://geoservices.tamu.edu/Services/Geocode/). 

Addresses that did not match a parcel centroid were corrected based on the best available 

knowledge of the participant’s residence location. When participants moved (n=9) or had 

more than one address (n=13) in the year prior to their visit, exposures estimates were 

weighted by time spent at each residence (e.g., home, college).

The California Line Source Dispersion Model (CALINE4) was used to model annual-

average residential TRAP exposure by estimating levels of nitrogen oxides (NOx) from 

motor vehicle activity on roads within 5 km of each residence in the year prior to each 

clinical visit. CALINE4 takes into account local meteorology (e.g., wind speed, direction, 

mixing heights), traffic counts, road geometry, and emission factors (Benson, 1992). The 

CALINE4 model provided estimates of the annual-average traffic impact from each road 

class, including freeways or highways, major roadways, and minor roadways based on the 

Streetmap Premium database (ArcGIS 10.1, Environmental Systems Research Institute Inc., 

Redlands, CA). Total TRAP was defined as the sum of freeway and non-freeway TRAP, and 

non-freeway TRAP was defined as the sum of major and minor roadways. These TRAP 

measures modeled NOx exposures as a marker for the mixture of traffic pollutants from each 

of these roadways since traffic pollutants are a complex mixture of particles and gases, 

including NOx, carbon monoxide, particulate matter, organic compounds, elemental carbon, 

and polycyclic aromatic hydrocarbons (Fujita et al., 2007) that vary by roadways and traffic 

volumes (Clements et al., 2009; Zhu et al., 2009).

Gut Microbiota

One fecal sample per participant was collected using commercial collection kits (Second 

Genome, San Francisco, CA) and stored at −80°C within an average of 2 days after 

Alderete et al. Page 4

Environ Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://geoservices.tamu.edu/Services/Geocode/


collection until analysis. The relative abundance of bacterial taxa was determined using 16S 

rRNA amplicon sequencing (Second Genome, San Francisco, CA). Briefly, nucleic acid 

isolation was performed with the MoBio PowerMag® Microbiome kit (Carlsbad, CA) 

according to manufacturer’s guidelines and optimized for high-throughput processing. All 

samples were quantified via the Qubit® Quant-iT dsDNA High Sensitivity Kit (Invitrogen, 

Life Technologies, Grand Island, NY) to ensure that they met minimum concentration and 

mass of DNA. To enrich the sample for bacterial 16S V4 rDNA region, DNA was amplified 

utilizing V4 fusion primers as described by Caporaso et al. (Caporaso et al., 2011). Samples 

that met the post-PCR quantification minimum and were advanced for pooling and 

sequencing on the Illumina Miseq v3 sequencer platform. The 16S rDNA sequence reads 

were quality filtered, clustered into operational taxonomic units (OTUs) with a shared 97% 

identity by UPARSE (de novo OTU clustering), and a representative consensus sequence per 

de novo OTU was aligned against the Greengenes reference database (DeSantis et al., 2006) 

and assigned taxonomy to determine community profiles. The UPARSE clustering algorithm 

comprises a chimera filtering and discards likely chimeric OTUs. All non-strain sequences 

that passed the quality filtering were mapped to the representative consensus sequences to 

generate an abundance table for de novo OTUs. Representative OTU sequences were 

assigned taxonomic classification via Mothur’s Bayesian classifier, trained against the 

Greengenes reference database of 16S rRNA gene sequences clustered at 99%. The 

reprehensive sequences for these OTUs can be found in Supplemental File 1.

Statistical Analysis

Abundance of microbial sequence read counts were normalized for each taxonomic group in 

order to account for varying sequencing depths across samples using the following equation: 

([samplei counts/total counts in samplei] * average number of counts across samples). 

Evenness, richness (number of unique taxa), and Shannon diversity (measures of richness 

and evenness) were calculated using the vegan package in R statistical program. Taxa were 

retained if they were present in at least 40% of samples. This approach was used to reduce 

multiple testing but may have limited our ability to examine rare taxa. One outlier was 

removed due an estimated total TRAP exposure that was greater than five standard 

deviations above the mean. Additionally, one outlier was removed when examining 

metabolic outcomes due to a fasting insulin level that was greater than four standard 

deviations above the mean. For the primary aim, non-parametric Spearman partial 

correlations were used to assess correlations between TRAP exposures and the normalized 

abundance of gut taxa after adjusting for body fat percent. In a secondary analysis, partial 

correlations were further examined after adjusting for diet, including energy and 

macronutrient intake. Exact p-values were used for the Spearman partial correlation with 

2,000 permutations. Correction for multiple testing was performed using the false discovery 

rate (FDR) with the Benjamini-Hochberg procedure, with values of ≤0.10 considered 

statistically significant. However, due to the limited sample size in this pilot study, FDR 

values of ≤0.15 were further explored and reported. For the secondary aim, Spearman partial 

correlations were used to assess relationships between metabolic outcomes and 1) TRAP 

exposures and 2) gut bacterial taxa found to be associated with TRAP, adjusting for body fat 

percent. In addition, we determined the amount of the correlation between TRAP and 

metabolic outcomes that could be explained by the relative abundance of gut bacterial taxa. 
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This was accomplished by assessing the proportional reduction in the correlation between 

TRAP and metabolic outcomes after adjusting for body fat percent and gut bacterial taxa 

that was found to be correlated with TRAP. All analyses were conducted in R statistical 

package version 3.3.3 and figures were produced using RStudio or Prism 7 (GraphPad 

Software, Inc.).

Results

This study included 43 participants from the Meta-AIR Study. General characteristics and 

the average levels of TRAP exposures are reported in Table 1. The mean age of participants 

was 18.8 years (range 17.7 – 20.2), 53% were male, and approximately 65% of the 

adolescents self-identified as Hispanic. On average, participants in this study were 

overweight or obese with an average BMI of 30.5 kg/m2 (range 20.7 – 47.4). Overall, the gut 

bacterial community composition was dominated by the phylum Firmicutes, Bacteroidetes 
and Actinobacteria. The most abundant families from these phyla were Bacteroidaceae, 

Lachnospiraceae and Ruminococcaceae (Supplemental Figure 1).

The Composition of the Gut Microbiota was Associated with TRAP Exposures and 
Glucose Levels

Higher total and freeway TRAP exposures were significantly correlated with the relative 

abundance of gut bacterial taxa after adjusting for body fat percent (Table 2 and Figure 1) 

and these correlations were consistently stronger for freeway compared to total TRAP (Table 

2). Further, the strength of these correlations remained consistent after adjusting for diet, 

including energy and macronutrient intake (Supplement Table 1). At the phylum level, 

freeway TRAP was positively associated with the relative abundance of Actinobacteria 
(r=0.30; p=0.02; FDR=0.14) and negatively correlated with Proteobacteria (r=−0.29; 

p=0.04; FDR=0.14). Actinobacteria was primarily composed of the class Coriobacteriia that 

was positively correlated with freeway TRAP (r=0.48; p=0.001; FDR=0.006). Higher 

freeway TRAP was also associated with the relative abundance of other bacterial families, 

including Bacteroidaceae (r=−0.48; p=0.001; FDR=0.02), Tissierellaceae (r=−0.45; 

p<0.001; FDR=0.01), Corynebacteriaceae (r=−0.37; p=0.007; FDR=0.08), and 

Coriobacteriaceae (r=0.48; p<0.001; FDR=0.01). Bacteroidaceae was only moderately 

correlated with Tissierellaceae (r=0.4; p=0.01) and Coriobacteriaceae (r=−0.33; p=0.03), 

suggesting that the observed correlations between TRAP and these bacterial families 

represented independent findings (Supplemental Figure 2). Additionally, within these 

bacterial families, there were similar correlations at the level of the genus with freeway 

TRAP, including Bacteroides (r=−0.48; p=0.002; FDR=0.08), Peptoniphilus (r=−0.45; 

p=0.001; FDR=0.05), Corynebacterium (r=−0.37; p=0.007; FDR=0.23), and Collinsella 
(r=0.51; p=0.001; FDR=0.05), respectively.

Among the adolescents included in this study, TRAP exposure was associated with impaired 

glucose homeostasis after adjusting for body fat percent. For example, fasting glucose levels 

were positively associated with freeway TRAP (r=0.45; p=0.004), which remained 

significant after additionally adjusting for energy intake (r=0.52; p=0.001). Fasting glucose 

levels were also significantly associated with two bacterial families that were associated with 
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TRAP exposure, including Bacteroidaceae (r=−0.34; p=0.04) and Coriobacteriaceae (r=0.41; 

p<0.01) (Figure 2). The strength of the correlation between freeway TRAP and fasting 

glucose levels was attenuated after adjustment for Bacteroidaceae or Coriobacteriaceae 
(Table 3). Specifically, after adjusting for body fat percent, the relative abundance of 

Bacteroidaceae and Coriobacteriaceae explained 24% and 29% of the correlation between 

TRAP and fasting glucose levels. In regard to impaired glucose homeostasis, 2-hour glucose 

levels were also positively correlated with Coriobacteriaceae (r=0.32; p=0.047).

Freeway TRAP was also positively associated with two unidentified families that belong to 

the phylum Firmicutes, class Clostridia, and order Clostridiales (r=0.42; p=0.006; FDR=0.08 

and r=0.32; p=0.02; FDR=0.15). At the level of the OTU, 13 taxa were significantly 

associated with freeway TRAP (Supplemental Table 2). Overall, the correlations between 

total TRAP and the gut microbiota were weaker than those observed for freeway TRAP, 

suggesting that freeway-related exposures largely contributed to the observed correlations. 

Furthermore, non-freeway TRAP was not significantly associated with gut microbiota taxa 

after adjustment for multiple testing. Measures of diversity and richness were not associated 

with TRAP exposure. Also, the relative abundance of gut bacterial taxa was not associated 

with fasting insulin levels, HOMA-IR, or 1-hour glucose levels (Supplemental Table 3).

Discussion

The human gut microbiota has been linked with obesity, type 2 diabetes, and intestinal 

bowel disease (Ley et al., 2006; Morgan et al., 2012; Ross et al., 2015; Turnbaugh et al., 

2006). Emerging evidence suggests that environmental factors, including TRAP, are also 

associated with these health outcomes (Jerrett et al., 2014; Salim et al., 2014; Thiering et al., 

2016; Toledo-Corral et al., 2016). The aim of the current investigation was to examine the 

correlations between air pollution exposures with the gut microbiota. Results from this 

initial study demonstrate significant correlations between elevated TRAP exposure with the 

gut microbiota that were independent of body fat percent. The current study also found that 

fasting glucose levels were associated with two bacterial families that were also associated 

with TRAP exposure, including Bacteroidaceae and Coriobacteriaceae. Additionally, fasting 

glucose levels were positively associated with freeway TRAP exposure, yet the strength of 

this correlation was attenuated after adjustment for Bacteroidaceae or Coriobacteriaceae. 

Collectively, results from this study suggest that exposure to air pollutants may impact 

metabolic health in part via alterations in the gut microbiota.

This study showed that TRAP exposures were associated with the relative abundance 

Bacteroidaceae and Corynebacteriaceae, which have been associated with obesity, altered 

metabolism, and intestinal inflammation. For example, Bacteroidaceae has been shown to be 

depleted in obese children (Riva et al., 2017) and was found to be lower in morbidly obese 

adults with high compared to low insulin resistance (Moreno-Indias et al., 2016), suggesting 

that depletion of this taxa may independently contribute to metabolic dysfunction. 

Coriobacteriaceae has been linked with cholesterol metabolism (Martínez et al., 2013) and 

insulin resistance among overweight and obese pregnant women (Gomez-Arango et al., 

2016). In mice, oral exposure to benzo[a]pyrene (a polycyclic aromatic hydrocarbon that is 

emitted from combustion sources) resulted in an increase in Coriobacteriaceae and intestinal 
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inflammation (Ribière et al., 2016). In the current study, there was also a positive correlation 

between TRAP exposure and the genus Collinsella (family Coriobacteriaceae, phylum 

Actinobacteria), which has been reported in type 2 diabetes (Lambeth et al., 2015; Zhang et 

al., 2013) and insulin resistance during pregnancy (Gomez-Arango et al., 2016). 

Additionally, Coriobacteriaceae, including Collinsella, has the potential to directly interact 

with the host through colonization of mucosal surfaces and metabolism of amino acids 

(Clavel et al., 2014; Gomez-Arango et al., 2016).

The gut microbiome is known to contribute to an array of metabolic and immune processes 

(Palau-Rodriguez et al., 2015) through microbial-host exchanges of genes and metabolites 

(Nicholson et al., 2012) and also helps to maintain the intestinal barrier between bacteria in 

the lumen and systemic circulation. Therefore, any exposure-induced alterations in the 

composition and/or function of gut microbiome may decrease gut barrier integrity (Bischoff 

et al., 2014) and result in increased bacterial translocation and systemic inflammation that 

contributes to obesity and insulin resistance (Pekkala et al., 2015; Prajapati et al., 2014). 

TRAP may have the potential to modify the composition and/or function of resident 

bacteria, generate harmful byproducts through bacterial biotransformation (Choi et al., 2013; 

Maurice et al., 2013), alter the innate immune system, and trigger local inflammation and 

breakdown of the intestinal barrier (Thaiss et al., 2016). As such, increased air pollution 

exposure may contribute to obesity and insulin resistance through known inflammatory 

pathways related to changes in the gut microbiome (Boulangé et al., 2016; Cani et al., 2009).

Rodent studies suggest that TRAP may impact the gut microbiome as well as intestinal 

inflammation. In mice, ingestion of airborne particulate matter altered the gut microbiome 

and induced intestinal inflammation (Kish et al., 2013; Mutlu et al., 2011), which appeared 

to be through increased intestinal cell responsiveness to lipopolysaccharide (Powell et al., 

2000). Further, rats exposed to diesel exhaust particles through the diet showed increased 

oxidative stress, resulting in apoptosis and protein oxidation in colon mucosa (Dybdahl, 

2003). In humans, few studies have examined correlations between air pollutants and the gut 

microbiota, yet ambient NO2 and PM (pollutants highly correlated with traffic emissions) 

have been shown to be associated with intestinal disease. For example, adolescents who 

lived in regions with greater NO2 concentrations were more likely to be diagnosed with 

Crohn’s disease (Kaplan et al., 2010). Also, when air pollutants (e.g., NO2, PM with 

aerodynamic diameter less than 2.5 micrometers) were elevated in ambient air, adolescents 

and young adults visited emergency rooms more often for non-specific abdominal pain 

(Kaplan et al., 2012). Although the precise mechanisms underlying the correlations between 

the gut microbiota with exposure to air pollutants are not fully understood, ultrafine particles 

are known to rapidly cross into systemic circulation (Nemmar et al., 2002) and particulate 

matter can enter into the intestinal epithelia via M cells on Peyer’s patches and through 

enterocytes (Lai et al., 2009; Lavelle et al., 1995). Studies also suggest that particles may 

reach the intestine through ingestion of inhaled particles following mucociliary clearance 

from the airways (Beamish et al., 2011; Möller et al., 2004; Nemmar et al., 2002; Salim et 

al., 2014). Lastly, another study found that increased concentrations of PM, specifically 

black carbon, altered key aspects of bacterial colonization and survival as well as bacterial 

colonization in mice (Hussey et al., 2017), presenting another potential mechanism through 

which air pollutants may alter the human microbiome.
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Results from this study provide some of the first evidence that elevated exposure to air 

pollutants may impact the human gut microbiota. These findings were independent of body 

fat percent and were unchanged after adjusting for dietary factors known to influence the 

composition of the gut microbiota. Despite the strengths of this study, limited statistical 

power due to a relatively sample size may have reduced the number of correlations that 

remained significant after correction for multiple comparisons and limited our ability to 

investigate any potential gut bacterial differences by sex or race/ethnicity. To address these 

issues, we are currently working on validating our findings in a larger cohort of adolescents 

using untargeted metagenomics. Exposure misclassification may have occurred with 

residential based estimates of TRAP exposures, but any exposure misclassification would 

likely be non-differential and would diminish any observed effects (Nerriere et al., 2005). 

Finally, residual confounding may have affected the study findings since poor diet and lack 

of physical activity may be associated with increased risk of metabolic dysfunction, the 

composition of the gut microbiota, and could also be correlated with residential proximity to 

sources of air pollution (Fram et al., 2015; Hajat et al., 2013). Yet, this seems unlikely given 

that the reported findings were independent of body fat percent and remained unchanged 

after adjustment for dietary intake. This study was also limited in that vegetation was not 

assessed since vegetation has been shown to influence the microbial composition of nearby 

air (Lymperopoulou et al., 2016) and may have contributed to some of the observed 

correlations.

To our knowledge, this is the first study to show that increased TRAP exposure is associated 

with the gut microbiota. This study supports the hypothesis that environmental exposures, 

such as TRAP, have the potential to alter the relative abundance of gut bacteria. Results from 

this study also suggest that increased TRAP may negatively impact metabolic health through 

alterations in the composition and/or function of the gut microbiome, but larger studies are 

needed to confirm these initial findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Traffic-related air pollution (TRAP) was positively correlated with fasting 

glucose

• TRAP exposure was correlated with specific gut microbial taxa

• These taxa partially explained the correlation between TRAP and fasting 

glucose

• TRAP exposure may negatively impact metabolic health via the gut 

microbiota
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Figure 1. Prior Year Exposure to Traffic-Related Air Pollutants (TRAP) was Associated with the 
Relative Abundance of Bacteriodaceae and Coriobacteriaceae in Adolescents from the Meta-AIR 
Study
A–B: Unadjusted plots between prior year freeway TRAP exposure and gut microbial taxa 

using partial Spearman correlations and exact p-values after adjustment for body fat percent. 

Prior year TRAP exposure was based on residential addresses where nitrogen oxides (NOx; 

ppb) were used as a marker of traffic emissions.

Alderete et al. Page 15

Environ Res. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Gut Bacteria Associated with Prior Year Exposure to Traffic-Related Air Pollutants 
was also Associated with Fasting Glucose Levels in Adolescents from the Meta-AIR Study
A–B: Unadjusted plots between gut microbial taxa associated with air pollutants using 

partial Spearman correlations after adjustment for body fat percent.
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Table 1

Baseline Characteristics and Prior Year Residential Traffic-Related Air Pollutant (TRAP) Concentrations in 

Adolescents from the Meta-AIR Study

Mean ± SD

General Characteristics n=43

 Age (years) 18.8 ± 0.5

 Sex (Males/Females, %) 25/18, 58%

 Ethnicity (Hispanic/Non-Hispanic, %) 28/15, 65%

Metabolic Indices

 Fasting Glucose (mg/dL)* 90.5 ± 7.7

 1-Hour Glucose (mg/dL)* 145.9 ± 28.6

 2-Hour Glucose (mg/dL)* 119.3 ± 21.7

 Fasting Insulin (μU/mL)* 6.0 ± 3.2

 HOMA-IR* 1.4 ± 0.8

Adiposity

 Body Mass Index (kg/m2) 30.5 ± 5.9

 Normal Weight/Overweight and Obese, % 8/35, 18.6%

 Total Fat Mass (kg) 29.2 ± 11.9

 Total Lean Mass (kg) 53.6 ± 14.9

 Body Fat Percent (%) 33.1 ± 9.3

Energy Intake and Macronutrients

 Energy Intake (Kcal)† 1,987.6 ± 606.3

 Carbohydrates (g)† 247.6 ± 72.8

 Fat (g)† 79.4 ± 35.9

 Protein (g)† 76.6 ± 27.6

 Fiber (g)† 16.5 ± 7.2

Prior Year Average Exposure to TRAP**

 Total TRAP (ppb) 8.4 ± 6.5

 Freeway TRAP (ppb) 6.4 ± 6.1

 Non-Freeway TRAP (ppb) 1.9 ± 1.4

Baseline characteristics and prior one-year average exposure to TRAP (i.e., total, freeway, and non-freeway) from the Meta-AIR study visit.

**
Average prior year TRAP exposure was based on residential addresses where nitrogen oxides (NOx; ppb) were used as a marker of traffic 

emissions. Data are reported as mean with standard deviation (SD). Sample size is indicated as

*
40 and

†
39.
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Table 3

Impact of Gut Microbial Taxa on the Relationship Between Prior Year Exposure to Freeway Traffic-Related 

Air Pollutants (TRAP) and Fasting Glucose Levels in Adolescents from the Meta-AIR Study

Variable Adjusted Partial r p-value % Reduction Compared with no Adjustment for Taxa†

Body Fat Percent 0.45 0.004 ––

Body Fat Percent and Bacteroidaceae 0.34 0.03 24%

Body Fat Percent and Coriobacteriaceae 0.32 0.049 29%

Partial Spearman correlations between freeway TRAP exposure and fasting glucose levels adjusted for body fat percent or body fat percent in 
conjunction with the relative abundance of bacterial taxa (i.e., Bacteroidaceae and Coriobacteriaceae).

†
Calculated as 100 X (partial correlation coefficient adjusted for body fat percent – partial correlation coefficient adjusted for body fat percent and 

bacterial taxa)/partial correlation coefficient adjusted for body fat percent.
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