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Evidence suggests that ambient air pollution (AAP)
exposure may contribute to the development of obe-
sity and type 2 diabetes. The objective of this study
was to determine whether exposure to elevated con-
centrations of nitrogen dioxide (NO2) and particulate
matter with aerodynamic diameter <2.5 (PM2.5) had
adverse effects on longitudinal measures of insulin
sensitivity (SI), b-cell function, and obesity in children
at high risk for developing diabetes. Overweight and
obese Latino children (8–15 years; n = 314) were en-
rolled between 2001 and 2012 from Los Angeles, CA,
and followed for an average of 3.4 years (SD 3.1
years). Linear mixed-effects models were fitted to as-
sess relationships between AAP exposure and out-
comes after adjusting for covariates including body
fat percent. Higher NO2 and PM2.5 were associated
with a faster decline in SI and a lower SI at age 18 years,
independent of adiposity. NO2 exposure negatively
affected b-cell function, evidenced by a faster decline
in disposition index (DI) and a lower DI at age 18 years.
Higher NO2 and PM2.5 exposures over follow-up were
also associated with a higher BMI at age 18 years.
AAP exposure may contribute to development of
type 2 diabetes through direct effects on SI and b-cell
function.

In the U.S., prediabetes and type 2 diabetes have
dramatically increased in adult populations and have

become more frequent in obese youth (1,2), presenting
pressing clinical and public health problems. Although
obesity, an unhealthy diet, and reduced physical activity
contribute to the pathogenesis of type 2 diabetes, in-
creased ambient and traffic-related air pollution expo-
sures also contribute to disease risk (3). Epidemiological
studies among adults have shown that higher exposure to
nitric oxides, nitrogen dioxide (NO2), and particulate mat-
ter with aerodynamic diameter ,2.5 (PM2.5) was asso-
ciated with greater risk for type 2 diabetes (4–9).
Supporting this, clinical studies in children and adults
have found that higher ambient and traffic-related air
pollution were associated with higher insulin resis-
tance using the HOMA of insulin resistance (HOMA-
IR) (10–13). These results suggest that increased air
pollution exposure may adversely affect insulin sensi-
tivity (SI), but these results were limited by the use of a
HOMA-IR that has known limitations compared with a
frequently sampled intravenous glucose tolerance test
(FSIVGTT) (14,15). As such, these studies did not examine
the effects of ambient air pollution (AAP) exposure on di-
rect measures of glucose homeostasis, including whole-
body SI, insulin secretion, and b-cell function.

Only two cross-sectional studies have examined
whether increased air pollution exposure affects the
underlying pathophysiology of type 2 diabetes, which
included robust measures of whole-body SI, acute insulin
response to glucose (AIRg), and pancreatic b-cell function
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using an FSIVGTT (16,17). In Hispanic adults, higher
NO2 and PM2.5 exposure were associated with higher
fasting glucose concentrations and a lower whole-body
SI (16). In overweight and obese Latino and African
American youth, average exposures to NO2 and PM2.5

in the year prior to participation were associated with
higher fasting glucose and lower whole-body SI inde-
pendent of adiposity (17). These findings suggest that
elevated exposure to NO2 and PM2.5 adversely affects
glucose metabolism starting early in life and that pro-
longed exposure in childhood may negatively affect
pancreatic b-cell function and eventually lead to type
2 diabetes.

Recent studies have provided emerging evidence that
NO2 and PM2.5 exposure affects risk for metabolic dys-
function (10–13,16–18). To date, no studies have ex-
amined the longitudinal effects of AAP exposure on
longitudinal measures of glucose homeostasis that are
risk factors for type 2 diabetes. The objective of this study
was to examine the relationships between residential AAP
and longitudinal measurements of fasting glucose, fasting
insulin, and measures of SI, insulin secretion, and pancre-
atic b-cell function over follow-up in high-risk overweight
and obese Latino children residing in urban Los Angeles,
CA. We hypothesized that higher long-term NO2 and
PM2.5 exposures would be associated with a faster in-
crease in fasting glucose and a more rapid decrease in
whole-body SI, insulin secretion, and pancreatic b-cell
function and that these adverse effects were independent
of adiposity.

RESEARCH DESIGN AND METHODS

Participants
Analyses were conducted on participants from the Child-
hood Obesity Research Center Air Study, which is a
longitudinal cohort that was recruited in two waves from
2001 to 2012. Participants included in this study lived in
urban Los Angeles, CA, and were recruited mostly from
local metabolic clinics but also through word of mouth,
health fairs, and advertisements in the local communities.
Inclusion criteria included Latino ethnicity (defined as
self-reported race/ethnicity for all participants, parents,
and grandparents), age- and sex-specific BMI of $85th
percentile, and absence type 1 or type 2 diabetes as
assessed by an oral glucose tolerance test. Participants
were excluded if they were using a medication or diag-
nosed with a condition known to influence insulin
and/or glucose metabolism or body composition. Each
participant had detailed phenotyping of body fat and
risk factors for type 2 diabetes at each annual visit.
The original sample size was 328, of which 314 children
were included in the current analysis (182 males/132
females) based on availability of complete exposure
and covariate data. Participants were followed for an
average of 3.4 years (SD 3.1), providing up to 1,253
total observations. Before testing, informed written con-
sent/assent was obtained from the parents/participant.

The University of Southern California Institutional Review
Board approved these studies.

Residential AAP Exposure Assessment
Street-level residential addresses of participants were
standardized and geocoded at the parcel level, and match
codes were obtained using the Texas A&M Geocoder
(http://geoservices.tamu.edu/Services/Geocode/). Addresses
that did not match to a parcel centroid were corrected based
on the best available knowledge of the participant’s resi-
dence location. Monthly air pollution exposure data for
up to 12 months prior to each visit were estimated for
each participant. In brief, hourly air quality data from am-
bient monitoring stations were downloaded from the U.S.
Environmental Protection Agency’s Air Quality System
(AQS, http://www.epa.gov/ttn/airs/airsaqs) for the relevant
time period and averaged to daily level. In California, air
monitor stations are spaced 20–30 km apart and provide a
monitoring network with good characterization of the pol-
lution gradients across Los Angeles. The air gases were
measured using Federal Reference Method (FRM) continu-
ous monitors, whereas PM data were restricted to FRM or
Federal Equivalent Method (FEM) monitors. Non-FEM
PM2.5 data were used only when FRM/FEM measurement
data were not available (,20%). Monthly averages were
calculated from the daily data using a 75% completeness
criterion, and monthly exposure values were spatially in-
terpolated from the air quality monitoring station’s loca-
tions to the finest geographic resolution possible (usually
parcel level) based on the participant’s geocoded street-level
residence using an inverse distance-squared weighting
(IDW2) algorithm, as previously described (19). Data from
up to four monitors were used to estimate exposure for
each location. Due to the regional nature of NO2 and
PM2.5, in Southern California, a maximum interpolation
radius of 50 km was used for all pollutants. On the basis
of previous methodological studies, when a residence was
located within 5 km of one or more stations with valid
observations, the interpolation was based solely on the con-
centrations from those stations. Prior work by our group
has shown that the IDW2 method in California was robust
to a leave one out validation for monthly monitoring AQS
site data and performs as well as more sophisticated models
that are limited by shorter spatial-temporal coverage. Spe-
cifically, results indicated that the IDW2 method estimates
monthly NO2 and PM2.5 with ,1 ppb and 1 mg/m3 biases
on average and with 634% and 631% relative error on
average, respectively (20).

Clinical Assessments
Participants attended clinical visits at either the Los
Angeles County Hospital or the University of Southern
California University Hospital each year. Each year,
participants received a comprehensive medical history
and physical examination where pubertal staging was
determined by the Tanner method (21,22). Height and
weight were measured to determine BMI and applied to
Centers for Disease Control and Prevention age- and
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sex-specific growth charts to determine BMI percentile
and z score. A 2-h oral glucose tolerance test was conducted
and;2 weeks later, a 13-sample insulin-modified FSIVGTT
was performed. After two fasting blood samples were taken
at 215 and 25 min, glucose (0.3 g/kg body weight) was
administered at time 0 over a 1-min period. Subsequent
blood samples were collected at 2, 4, 8, and 19 min. Insulin
(0.02 units/kg body weight, Humulin R; Eli Lilly and Com-
pany, Indianapolis, IN) was administered intravenously at
20 min, followed by blood sample collection at 22, 30, 40,
50, 70, 100, and 180 min. Glucose was assayed using a
Yellow Springs Instruments analyzer (YSI Inc., Yellow
Springs, OH) and insulin was assayed using an automated
enzyme immunoassay (Tosoh AIA 600 II Analyzer; Tosoh
Bioscience, Inc., South San Francisco, CA). Glucose and in-
sulin from the FSIVGTT were entered into MINMOD soft-
ware (version 6.02; RN Bergman, Los Angeles, CA) for
calculation of whole-body SI, AIRg (area under the plasma
insulin curve between 0 and 10 min), and the disposition
index (DI). As the product of SI and AIRg, DI is used in
research settings as an assessment of b-cell function. Total
body fat percent was determined by DEXA using a Hologic
QDR 4500 W (Hologic, Bedford, MA). Single-slice abdomi-
nal MRI scans were performed on a subset of participants
(n = 219) using a General Electric 1.5 Signa LX-Echospeed
device (Waukesha, WI) at the level of the umbilicus for
cross-sectional area of subcutaneous abdominal adipose tis-
sue (SAAT) and intra-abdominal adipose tissue (IAAT) (23).

Social Position
A modified version of the Hollingshead Four-Factor Index
of Social Status was used to assess socioeconomic status
(24) in those participants where information was avail-
able (n = 278). This index takes into account the occupa-
tion and education of each parent/guardian residing in
the child’s home in order to generate a single measure
of a family’s social status. An education score of 1–7
was assigned to parents/guardians living in the house-
hold. An educational score of 1 corresponded to less
than a seventh-grade education and 7 to graduate train-
ing. Homemakers, unemployed, or students did not have
categories based on the Hollingshead method and would
not be included in the household social position score. To
prevent exclusion of this information, we utilized a mod-
ified scoring system where these individuals were assigned
a score of 0 in order to retain them in our final score. This
method was used in combination with the traditional
occupation scores of 1–7, where 1 corresponded to an
unskilled employee and 7 was assigned to those with em-
ployment roughly corresponding to higher executives and
major professionals. Education and occupation scores
were weighted to obtain a single score for each parent/
guardian according to the Hollingshead method. For
households with multiple caretakers, scores were averaged
to obtain a single household social position score or index
(Supplementary Table 1). Social position was categorized
as #25th percentile (n = 90), .25th percentile and

,75th percentile (n = 132), $75th percentile (n = 57),
and missing (n = 35). Those without social position data
did not differ in any important physical or metabolic
characteristics (data not shown).

Statistical Analysis
Exposure to NO2 and PM2.5 was modeled as long-term
exposure, defined as yearly concentrations averaged over
an individual’s follow-up. Linear mixed-effects models
were fitted to estimate longitudinal relationships be-
tween metabolic outcomes, pathophysiology end points
for type 2 diabetes (i.e., SI, AIRg, and DI), and adiposity
in relation to AAP exposure over time. We examined the
associations of the longitudinal measurements of meta-
bolic and adiposity outcomes with the 1) long-term
exposure on the rate of change of the outcome and 2)
long-term exposure on the attained level of the outcome
at age 18 years. Tanner stage, body fat percent (where
appropriate), the season of testing (warm/cold), varia-
tions in prior year exposure at each follow-up visit (av-
erage prior year concentration at each individual’s visit
subtracted from their long-term exposure), and study
entry year were included in each model as covariates
to adjust for confounding. Participant-specific intercepts
were included and were a function of sex, social position
category, study wave, and a participant-level random
intercept. A full description of the modeling approach
is described in the Supplementary Data, and results
from each longitudinal model are presented in the tables
(effects on growth) and figures (attained level at age
18 years). NO2 and PM2.5 were highly correlated (Pear-
son r = 0.88, P , 0.001), thus multipollutant models
were not examined. Stratified analysis was conducted
to explore heterogeneity in effects by sex, and effect
modification was examined for extreme obesity (BMI
percentile .99th; n = 102) compared with overweight/
obese (n = 212) at baseline. Linear mixed-effect models
were fitted to estimate the associations between body
fat percent and metabolic outcomes at age 18 years.
Tanner stage and study entry year were included in
these models as covariates to adjust for confounding.
Participant-specific intercepts were included and were a
function of sex, social position category, study wave,
and a participant-level random intercept. Statistical sig-
nificance was based on a two-sided P , 0.05. Natural
log transformations were performed on fasting glu-
cose, fasting insulin, SI, AIRg, and DI to approximate
normal distributions. Estimated effect estimates were
reported for a 5-ppb difference in NO2 and a 4 mg/m3

difference in PM2.5. All analyses were performed in SAS,
version 9.4 (SAS Institute, Cary, NC).

RESULTS

Metabolic and obesity-related outcomes at baseline are
reported in Table 1 along with the average levels of NO2

and PM2.5 over follow-up. At study entry, 58% of partic-
ipants were male and the mean age was 11.3 years (range
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7.9–14.9). Approximately 66% of the children were in
prepuberty or early puberty (Tanner stages 1 and 2),
and the average baseline BMI percentile was in the obese
category (.95th percentile).

Associations for AAP With Risk Factors for Type 2
Diabetes
Higher NO2 and PM2.5 exposure had adverse effects on the
development of risk factors for type 2 diabetes (e.g., SI, AIRg,

and DI) after adjusting for confounders and body fat per-
cent (Fig. 1 and Table 2). These longitudinal adverse ef-
fects in rate of change over the study period resulted in
substantial differences in these measures at age 18 years
in those with higher levels of exposure during follow-up
compared with those with lower exposures. For SI, a
5-ppb difference in long-term NO2 (averaged exposure
over follow-up) was associated with a 2.4% faster decline
in SI over the study period (P = 0.02), resulting in a 13%
(P = 0.04) lower SI at age 18 years. Similarly, a 4 mg/m3

higher long-term PM2.5 was associated with a 3.3% faster
decline in SI over the study period (P = 0.02), resulting in a
21.6% lower SI at age 18 years (P = 0.01). Long-term ex-
posure NO2 and PM2.5 were positively associated with the
rate of increase of AIRg over the study period. Although
these associations did not reach statistical significance (all
P . 0.1), by age 18 years, the cumulative effects of chronic
exposure to higher PM2.5 concentrations resulted in signif-
icant associations with higher AIRg. As such, compensation
for decreased SI occurred via increased insulin secretion as
a 4 mg/m3 difference in long-term PM2.5 was associated
with a 28.5% higher AIRg at age 18 years (P = 0.03).
With prolonged exposure to AAP, there was evidence of
b-cell function fatigue. Illustrating this, a 5-ppb difference
in long-term NO2 exposure was associated with a 2.3%
faster decline in DI over follow-up (P = 0.02). At age
18 years, chronic exposure to higher NO2 was associated
with a lower b-cell function as a 5-ppb difference in long-
term NO2 exposure was associated with a 13% lower DI
(P = 0.04).

Increased long-term averaged AAP exposure over the
study period was also associated with elevations in fasting
and 2-h insulin levels after adjusting for confounders
and body fat percent (Fig. 2 and Table 2). For example, a
4 mg/m3 difference in long-term PM2.5 exposure was asso-
ciated with a 2.9% faster increase in fasting insulin levels
(P = 0.03) and 3.1% faster increase in 2-h insulin levels
(P = 0.06). At age 18 years, a 4 mg/m3 difference in long-
term PM2.5 exposure was associated with a 26.8% higher
fasting insulin (P = 0.01) and a 35.6% higher 2-h insulin
(P = 0.007). Similar relationships were observed for NO2

Table 1—Baseline characteristics and previous year
residential AAP concentrations in Latino children (n = 314)
enrolled in the longitudinal study

General characteristics
Age (years) 11.3 6 1.7
Sex (males/females, %) 182/132, 58%
Tanner stage (n, %)
Tanner 1 98, 31%
Tanner 2 110, 35%
Tanner 3 41, 13%
Tanner 4 42, 13%
Tanner 5 23, 7%

Metabolic indices
Fasting glucose (mg/dL) 90.7 6 6.5
Fasting insulin (mU/mL)* 15 6 9.4
2-h glucose (mg/dL)† 127.3 6 18.1
2-h insulin (mU/mL)‡ 151.1 6 125.5
SI (31024 min21)/(mU/mL)§ 2.1 6 1.4
AIR (mU/mL 3 10 min)§ 1,669.7 6 1,203.1
DI§ 2,451.4 6 1,150.6

Adiposity
BMI (kg/m2) 28.5 6 5.6
BMI percentile‖ 98.4 (2.9)
BMI z score 2.1 6 0.4
Total fat mass (kg)¶ 25.6 6 10.1
Total lean mass (kg)¶ 37.8 6 10.4
Body fat percent (%)¶ 38.7 6 5.9
SAAT (cm2)# 344.1 6 144.6
IAAT (cm2)# 48.4 6 21.5

Long-term average residential AAP
NO2 (ppb) 27.6 6 5.2
PM2.5 (mg/m3) 17.8 6 3.8

Data are reported as mean 6 SD. *Sample size is 304. †Sample
size is 312. ‡Sample size is 303. §Sample size is 291. ‖Median
(interquartile range). ¶Sample size is 299. #Sample size is 219.

Figure 1—Effects of long-term average AAP exposure during follow-up on metabolic indices from an FSIVGTT at age 18 years in Latino
children. The estimated percent difference in SI (A), AIRg (B), and DI (C) at age 18 years for a 5-ppb and 4 mg/m3 difference in long-term NO2

and PM2.5 exposure, respectively. Results are displayed as the estimated percent difference with 95% CIs. Each model was adjusted for
sex, Tanner stage, season of testing (warm/cold), social position, body fat percent, study wave, and study entry year. *P < 0.05.
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exposure as a 5-ppb difference in long-term exposure was
associated with an 18.4% higher fasting insulin (P = 0.01)
and an 18.6% higher 2-h insulin (P = 0.03) at age 18 years.
Fasting glucose levels were not associated with AAP; how-
ever, increased long-term AAP exposure was associated
with impaired glucose regulation after an oral glucose chal-
lenge. As an example, a 5-ppb difference in long-term NO2

exposure was associated with a 0.5% faster increase in 2-h
glucose levels (P = 0.1) over follow-up and a 5.1% higher
2-h glucose (P = 0.01) at age 18 years. There was little
evidence to support differences in the effects of AAP on
metabolic outcomes by sex or obesity status, and the study
findings did not substantially change when adjusting for
other measures of adiposity (data not shown).

For metabolic outcomes, the magnitude of the effects of
higher long-term NO2 and PM2.5 exposures on attained
level at age 18 years was comparable to and, in some in-
stances, larger than the effect of a 5% increase in body fat
percent on attained level at age 18 years. For example, a 5%
increase in body fat percent was associated with a 16.7%
lower SI at age 18 years (P , 0.001). This effect size was
similar to the 13% and 21.6% lower SI observed at age
18 for NO2 and PM2.5, respectively. Additionally, a 5% in-
crease in body fat percent was associated with a 10.2%
higher AIRg (P , 0.001) and 6.9% lower DI (P = 0.01) at
age 18 years. The effect size corresponding to a 5% increase
in body fat percent for AIRg was about one-third of that
observed for PM2.5, and for DI, it was about one-half of
that observed for NO2. For fasting insulin, a 5% increase in
body fat percent was associated with a 30% higher fasting
insulin (P , 0.001) at age 18 years, which was similar to
the effect size for PM2.5.

Associations for AAP With Measures of Obesity
Higher NO2 and PM2.5 exposures were also associated with
more rapid increases in BMI and central adiposity in chil-
dren who were already overweight and obese at study en-
try. For example, a 4 mg/m3 difference in long-term PM2.5

was associated with a 3.8 kg/m2 faster increase in BMI over
the study period (P = 0.006) and a 3 kg/m2 higher BMI at

age 18 years (P = 0.0003). There were also significant as-
sociations between AAP exposures with body fat percent
and SAAT (Fig. 3 and Table 3). Whereas a 4 mg/m3 differ-
ence in long-term PM2.5 was associated with a 2% higher
body fat percent at age 18 years (P = 0.047), this same
difference in PM2.5 was associated with an 8.1 cm3 faster
increase in SAAT over the study period (P = 0.03) and a
51.4 cm3 higher SAAT at age 18 years (P = 0.05). The
effects of AAP on body fat percent varied by sex (interac-
tions on level and growth P , 0.001) but not BMI, SAAT,

Table 2—Effects of long-term residential AAP exposure on clinical fasting glucose, fasting insulin, and metabolic indices
(percent differences) from a FSIVGTT in Latino children

NO2 (long-term) PM2.5 (long-term)

Fasting glucose (mg/dL) 0.02 (20.2, 0.3) 0.1 (20.2, 0.4)

Fasting insulin (mU/mL) 1.7 (20.4, 3.8) 2.9 (0.2, 5.6)

2-h glucose (mg/dL) 0.5 (20.1, 1.1) 0.6 (20.1, 1.4)

2-h insulin (mU/mL) 2.5 (0.01, 5.1) 3.1 (20.2, 6.6)

SI (31024 min21)/(mU/mL) 22.4 (24.4, 20.3) 23.3 (26, 20.6)

AIRg (mU/mL 3 10 min) 0.5 (21.8, 2.9) 2.5 (20.6, 5.7)

DI 22.3 (24.2, 20.3) 21.1 (23.8, 1.6)

All outcomes were transformed using the natural log. Results are displayed as the estimated percent difference with 95% CIs for the
effects of long-term exposure on the percent difference in the yearly rate of change (growth) of fasting glucose, fasting insulin, 2-h
glucose, 2-h insulin, SI, AIRg, and DI. Each model was adjusted for sex, Tanner stage, season of testing (warm/cold), prior year exposure
at each follow-up visit, social position, body fat percent, study wave, and study entry year. Bold font indicates results that were
statistically significant based on a two-sided P , 0.05.

Figure 2—Effects of long-term average AAP exposure during
follow-up on fasting and 2-h insulin and glucose measures from
an OGTT at age 18 years in Latino children. The estimated percent
difference with 95% CIs are shown for fasting insulin (A), fasting
glucose (B), 2-h insulin (C), and 2-h glucose (D) at age 18 years for a
5-ppb and 4 mg/m3 difference in long-term NO2 and PM2.5 expo-
sure, respectively. Each model was adjusted for sex, Tanner stage,
season of testing (warm/cold), social position, body fat percent,
study wave, and study entry year. *P < 0.05; **P < 0.01.
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or IAAT. A 4 mg/m3 difference in long-term PM2.5 exposure
during the study period was associated with a 3.1% increase
in body fat percent (P = 0.04) in females and a 1.4% in-
crease in males (P = 0.31) at age 18 years.

DISCUSSION

In this pediatric cohort study, our results demonstrate
significant effects of elevated NO2 and PM2.5 on insulin
homeostasis, SI, and b-cell function that were indepen-
dent of body fat percent. Higher long-term exposure to
AAP was associated with a faster decrease in SI over the
study period and a lower SI at age 18 years. We found
evidence that Latino youth compensate for AAP expo-
sure–related declines in SI via increases in insulin secre-
tion, including increased fasting insulin levels and AIRg.
Indicative of b-cell fatigue, long-term AAP exposure was
associated with a faster decrease in DI over the study
period and a lower DI at age 18 years. Importantly, the
adverse effects of NO2 and PM2.5 on insulin homeostasis,
SI, and b-cell function were independent of adiposity. The
clinical significance of these results is that the magnitude
of the effects was similar to those from significant excess
weight gain. For example, the magnitudes of metabolic
effects reported for NO2 and PM2.5 were similar and, in
some cases, larger than those of a 5% increase in body fat
percent on the same metabolic outcomes. These findings
suggest that in response to AAPs, metabolic regulation of

glucose is maintained via robust increases in insulin levels
during adolescence (25); however, with long-term exposure
to AAP, b-cell function is impaired. These results suggest
that prolonged AAP exposure may result in further declines
in b-cell function and reduction in the ability to compen-
sate for decreased SI, thereby contributing to type 2 diabe-
tes (26,27). Higher NO2 and PM2.5 exposures were also
associated with higher BMI, body fat percent, and central
adiposity over follow-up and at age 18 years in this group
of children who already were overweight and obese at
study entry.

Only a few cross-sectional studies have reported associ-
ations between AAP and insulin resistance using HOMA-IR
in pediatric populations (10,12,18,28). In overweight and
obese minority youth, we previously reported that higher
prior year exposure to NO2 and PM2.5 was unrelated to
adiposity but was associated with lower SI and higher
AIRg (17). The current study found that increased longitu-
dinal exposure to AAP was associated with longitudinal
declines in SI, which were accompanied by increased AIRg
and fasting insulin levels to compensate for reduced SI.
With prolonged AAP exposure, there were significant
declines in b-cell function during the study follow-up.
These findings build upon previous work by illustrating
that long-term exposure to increased AAP, independent of
adiposity, contributes to the underlying pathophysiol-
ogy of type 2 diabetes. In the current study, we also
observed significant relationships between increased
AAP exposure and higher BMI, body fat percent, and
SAAT, all of which are important risk factors for car-
diometabolic disease (29). The effect of increased AAP
on increased adiposity was stronger among female com-
pared with male youth, suggesting that there may be
sex differences in exposure responses. Obesity status
did not modify the effect of AAP exposure on risk fac-
tors for type 2 diabetes; however, this study only in-
cluded overweight or obese youth. Future studies should
include participants with varying levels of adiposity in
order to examine whether obesity and increased AAP

Figure 3—Effects of long-term AAP exposure during follow-up on
BMI and adiposity at age 18 years in Latino children. The estimated
difference with 95% CIs are shown for BMI (A), body fat percent (B),
SAAT (C), and IAAT (D) at age 18 years for a 5-ppb and 4 mg/m3

difference in long-term NO2 and PM2.5 exposure, respectively. Each
model was adjusted for sex, Tanner stage, season of testing (warm/
cold), social position, body fat percent (where appropriate), study
wave, and study entry year. *P < 0.05; **P < 0.01; #P = 0.05.

Table 3—Effects of long-term residential AAP exposure on
BMI and adiposity in Latino children

NO2

(long-term)
PM2.5

(long-term)

BMI (kg/m2) 2.1 (0.1, 4.1) 3.8 (1, 6.6)

Body fat percent (%) 0.1 (20.1, 0.3) 0.1 (20.1, 0.4)

SAAT (cm2) 6.5 (1.6, 11.3) 8.1 (0.6, 15.7)

IAAT (cm2) 0.9 (20.1, 1.9) 1.2 (20.4, 2.8)

Results are displayed as the estimated difference with 95% CIs
for the effects of long-term exposure on the yearly rate of
change (growth) of BMI, body fat percent, SAAT, and IAAT. Each
model was adjusted for sex, Tanner stage, season of testing
(warm/cold), prior year exposure at each follow-up visit, social
position, body fat percent (where appropriate), study wave,
and study entry year. Bold font indicates results that were
statistically significant based on a two-sided P , 0.05.
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exposure synergistically impact metabolic health in
youth.

The mechanisms linking increased AAP to obesity and risk
for type 2 diabetes remain to be fully determined. Rodent
studies suggest that increased exposure to air pollution may
result in metabolic dysfunction and obesity via increased
adipose tissue inflammation, hepatic lipid accumulation, and
decreased glucose utilization in skeletal muscle (30,31). Pro-
longed exposure to combustion-related air pollutants may
also increase oxidative stress and systemic inflammation,
resulting in activation of stress kinases that lead to defective
insulin receptor signaling that results in peripheral insulin
resistance (30,32,33). Future studies should examine these
outcomes in conjunction with systemic markers of inflam-
mation in order to explore whether inflammatory processes
mediate any of these observed relationships.

Despite the strengths of this study, diet and physical
activity measures were unavailable. Consequently, re-
sidual confounding may have affected the study find-
ings since poor diet and lack of physical activity are
associated with increased risk of obesity and metabolic
dysfunction and could be correlated with residential
proximity to sources of air pollution (34–37). Neverthe-
less, the results are unlikely to be explained by con-
founding by these factors since each model adjusted
for social position, a strong determinant of these factors
(34). Exposure misclassification may have occurred with
residential-based estimates of AAP exposure, yet likely
diminishes observed effects (38). This study also lacked
information regarding other potential confounders, in-
cluding smoking, passive smoking, and exposure to
noise. Studies suggest that exposure to tobacco smoke
and near-roadway air pollution have synergistic effects
on the development of childhood obesity (39). Findings
from this study may only be generalizable to overweight
and obese Latino youth mostly of a lower social posi-
tion. Despite this, these results have significant public
health implications since lower socioeconomic status
and minority communities may have some of the larg-
est environmental toxin burdens and suffer from the
greatest health disparities in obesity and type 2 diabetes
(40–42).

Our results demonstrate that increased exposure to
NO2 and PM2.5 disrupts glucose regulation through a
lower SI and results in decreased b-cell function, a
known risk factor for type 2 diabetes development.
Each of these effects was independent of adiposity
and the impacts of AAP on risk factors for type 2 di-
abetes were comparable to and, in some instances,
larger than the influence of body fat percent on these
traits. Additionally, increased NO2 and PM2.5 exposures
were associated with increased obesity and abdominal
adiposity. On the basis of these findings, prolonged
exposure to increased AAP appears to independently
contribute to decreased SI, a strong compensatory in-
sulin response that contributes to b-cell exhaustion,
and greater adiposity in youth. In conclusion, this study

supports an important role for AAP exposure in the
etiology of type 2 diabetes in youth.
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