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Ambient air pollution and temperature have been linked with cardiovascular morbidity and mortality. Metabolic

syndrome and its components—abdominal obesity, elevated fasting blood glucose concentration, low high-
density lipoprotein cholesterol concentration, hypertension, and hypertriglyceridemia—predict cardiovascular dis-
ease, but the environmental causes are understudied. In this study, we prospectively examined the long-term
associations of air pollution, defined as particulate matter with an aerodynamic diameter less than or equal to
2.5 um (PM,s), and temperature with the development of metabolic syndrome and its components. Using
covariate-adjustment Cox proportional hazards models, we estimated associations of mean annual PM, 5 concen-
tration and temperature with risk of incident metabolic dysfunctions between 1993 and 2011 in 587 elderly
(mean = 70 (standard deviation, 7) years of age) male participants in the Normative Aging Study. A 1-pg/m®
increase in mean annual PM, 5 concentration was associated with a higher risk of developing metabolic syndrome
(hazard ratio (HR) = 1.27, 95% confidence interval (Cl): 1.06, 1.52), an elevated fasting blood glucose level
(HR =1.20, 95% CI: 1.03, 1.39), and hypertriglyceridemia (HR = 1.14, 95% CI: 1.00, 1.30). Our findings for meta-
bolic syndrome and high fasting blood glucose remained significant for PM, 5 levels below the Environmental
Protection Agency’s health-safety limit (12 pg/m®). A 1°C increase in mean annual temperature was associated
with a higher risk of developing elevated fasting blood glucose (HR = 1.33, 95% CI: 1.14, 1.56). Men living in
neighborhoods with worse air quality—with higher PM, 5 levels and/or temperatures than average—showed
increased risk of developing metabolic dysfunctions.

air pollution; blood glucose; high-density lipoprotein cholesterol; hypertension; metabolic syndrome; obesity;
temperature; triglycerides

Abbreviations: Cl, confidence interval; HDL, high-density lipoprotein; HR, hazard ratio; NAS, Normative Aging Study; PM, s,
particulate matter with an aerodynamic diameter less than or equal to 2.5 pm.

Metabolic syndrome is an urgent public health concern
that affects 10%—25% of the global population and is associ-
ated with increased risk of cardiovascular disease, asthma,
sleep apnea, and selected malignancies and with higher total
and cause-specific mortality (1). Metabolic syndrome is
defined as having at least 3 of the following conditions:
abdominal obesity (waist circumference >102 cm for men or
>88 cm for women), high fasting blood glucose (>100 mg/dL
or medication to treat elevated blood glucose), low high-density
lipoprotein (HDL) cholesterol (<40 mg/dL for men, <50 mg/dL
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for women, or medication to treat low HDL cholesterol),
hypertension (systolic blood pressure >130 mm Hg, dia-
stolic blood pressure >85 mm Hg, or medication to treat
elevated blood pressure), and hypertriglyceridemia (tri-
glyceride level >150 mg/dL or medication to treat elevated
triglycerides) (2) (see Web Table 1, available at http://aje.
oxfordjournals.org/). In the United States, metabolic syn-
drome affects an estimated 47-68 million people, with
males aged 60 years or older being among those at greatest
risk (3-5).
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Rates of metabolic syndrome are increasing worldwide
and show geographic variations, largely due to lifestyle,
socioeconomic, and ethnic differences (6—8). However, local
environmental conditions might also contribute to variations
in metabolic syndrome rates. Air pollution (including atmo-
spheric particulate matter with an aerodynamic diameter less
than or equal to 2.5 um (PM, 5)) and outdoor temperature are
2 essential environmental factors that have been shown in
experimental and in vitro studies to affect cellular and sys-
temic metabolic processes (9, 10).

Nonetheless, the possible relationships of local levels of
PM, 5 and temperature with metabolic syndrome are still un-
derinvestigated in human populations. In particular, previous
epidemiologic studies have investigated the relationship
of single exposures with individual metabolic components
rather than with the entire complex of metabolic alterations
that constitute metabolic syndrome (11-15). Furthermore,
previous studies have focused mainly on the associations
between short-term temperature exposure and metabolic out-
comes, which may reflect transient modifications not neces-
sarily related to long-term risks (15, 16). Additionally, to our
knowledge, no investigators have published an incidence
analysis on the topic.

In the current study, we prospectively examined the associa-
tion of the average levels of ambient PM, 5 and temperature at
the participants’ addresses with the development of metabolic
syndrome and of the individual conditions that constitute
metabolic syndrome. We used the prospective follow-up
of participants in the Normative Aging Study (NAS), a
Department of Veterans Affairs longitudinal study of a cohort
of older men living across eastern Massachusetts, southern
New Hampshire, and southern Maine.

METHODS
Study population

The present analysis included 587 men who were active
participants between 1993 and 2011 in the NAS, a longitudi-
nal study (Web Table 2) (17). Each participant included in
the analysis was free of at least 1 component of metabolic
syndrome at his first visit between 1993 and 2011 and received
comprehensive outpatient medical evaluations every 3—7 years.
During the visits, participants provided detailed informa-
tion about their lifestyles, dietary habits, activity levels,
and demographic factors. In each diagnosis-specific analysis,
we excluded participants who met pathological criteria for
that disorder at the baseline visit (Table 1, Web Table 2).
All participants gave written informed consent in accordance
with the VA Boston Healthcare System Institutional Review
Board and the institutional review boards of all participating
institutions.

Spatiotemporally resolved modeling of particulate
matter level

To assign exposure we used a recently published, validated
spatiotemporal hybrid model, developed by our group, to esti-
mate daily PM, 5 level (in pg/m3) across the study area (18).
We used the average PM, 5 level during the year prior to each
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visit at each participant’s residential address to assess the long-
term association of air pollution with metabolic dysfunction.
The model incorporates fine-scale local land-use regression
analysis and satellite-measured aerosol optical depth (18).
This hybrid model provides address-level resolution for
long-term PM, 5 measurements collected between May 2000
and December 2011. Due to limitations in data availability,
we used a similar hybrid model based on the moderate resolu-
tion imaging spectroradiometer model, albeit at a lower spa-
tial resolution (a 10-km X 10-km grid) for May 2000-October
2003 and on a 1-km X 1-km grid for October 2003—-December
2011 (18, 19). Missing observations on the 1-km X 1-km grid
for the period of October 2003—December 2011 were also
replaced with measurements from the 10-km x 10-km grid.
Out-of-sample cross-validation showed a good fit of the
10-km x 10-km model (R? = 0.81) and an excellent fit of
the 1-km x 1-km model (R* = 0.87) (18, 19).

Spatiotemporally resolved modeling of temperature level

We used the average daily temperature during the year
before each visit at a 1-km X 1-km resolution as a proxy for
the temperatures at the participants’ addresses in order to
assess the long-term association of outdoor temperature with
metabolic dysfunction. Daily temperature with 1-km X 1-km
resolution was predicted using a spatiotemporally resolved,
satellite-based model similar to that used for PM, 5 (20, 21).
Daily estimates were averaged to produce average annual
temperatures. Ten-fold out-of-sample cross-validation was
used to validate the accuracy of the predictions, and it showed
good fit (mean out-of-sample R*>=0.94) (20, 21).

Assighment of PM, s and temperature levels

In this analysis, we defined as baseline the first NAS visit
conducted prior to May 2000, that is, the first month with
available PM, 5 and temperature estimates. We used, as a
proxy measure for between-visit exposure, the average of
PM, 5 or temperature levels at each participant’s address in
the year before each subsequent follow-up visit. The 1-year
average was selected because it correlates well with averages
of PM, 5 over longer time windows (e.g., 2-5 years) in this
study population (Web Table 3), and it was available for a
higher number of visits than were the 2- to 5-year averages.

Clinical measures

At each visit, anthropometric measurements were per-
formed with participants in undershorts and socks. Waist
circumference was measured in centimeters at the umbilical
level, perpendicular to the axis of the upper body (22).
Participants were considered to have abdominal obesity if their
waist circumference was >102 cm. At each visit, fasting blood
glucose and lipid levels were measured in blood samples
drawn on the morning of the medical evaluation. In keep-
ing with the diagnostic criteria for metabolic syndrome,
high blood sugar was defined as a fasting blood glucose
>100 mg/dL or medication to treat elevated blood glucose,
low HDL cholesterol was defined as any value <40 mg/dL
or medication to treat low HDL cholesterol, and hypertri-
glyceridemia was any triglyceride measure >150 mg/dL or
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Table 1. Sociodemographic Characteristics of Active Participants at the Baseline Visit and Prevalence of Metabolic Syndrome and Its
Components, Normative Aging Study, 1993—-2011

Subset Used in Metabolic Component Analysis
Entire High Fasting

Characteristic Population A!())(:li):r;‘liitr;’al G?l:?:g:e Ch?:‘ll‘;:tgll‘-ol Hypertension  Hypertriglyceridemia yy?:?::'i‘z
No. % No. % No. % No. % No. % No. % No. %
No. of participants 587 396 293 326 116 316 271
No. of excluded participants 191 294 261 471 271 316
No. of visits® 2.2(6.0) 2.3(6.0) 2.1(6.0) 2.1(6.0) 2.1(6.0) 2.1(6.0) 2.1(6.0)
Age, years® 70.4(6.9) 70.8(6.8) 70.5(6.9) 70.5(7.1) 68.4 (7.6) 70.8(7.1) 70.4(7.3)
Nonwhite race/ethnicity 11.9(13.0) 12(12.6) 11.2(11.9) 125(13.6) 10.8(11.6) 12.2(13.3) 12.1(12.9)
(% of census tract)®
Education, years
<12 171 291 116 293 86 294 89 273 33 28.5 86 27.2 72 26.6
12.1-16 294 501 196 495 138 471 166 509 54 46.6 161 51.0 134 495
>16 122 208 84 212 69 236 71 218 29 250 69 21.8 65 24.0
Physical activity,
MET-hours/week
<12 342 583 206 520 152 519 192 589 59 509 191 60.4 140 51.7
12-29.9 149 254 111 28.0 87 297 86 264 42 36.2 79 25.0 85 314
>30 96 164 79 200 54 184 48 147 15 129 46 14.6 46 17.0
Smoking status
Never smoker 169 288 121 306 95 324 94 288 36 310 94 29.8 87 32.1
Former smoker 384 654 253 639 184 628 211 647 69 595 202 63.9 165 60.9
Current smoker 34 58 22 5.6 14 48 21 6.4 11 9.5 20 6.3 19 7.0
Alcohol consumption,
drinks/day
<2 453 772 311 785 230 785 235 721 92 793 243 76.9 206 76.0
>2 134 228 85 215 63 215 91 279 24 20.7 73 23.1 65 24.0
Consumption of dark fish,
times/week
<1 507 86.4 335 846 245 836 28 874 99 853 270 85.4 231 85.2
>1 80 136 61 154 48 164 41 126 17 14.7 46 14.6 40 14.8
Permanent residency, Greater
Boston, Massachusetts
Yes 514 876 346 874 254 867 286 87.7 100 86.2 280 88.6 237 875
No 73 124 50 126 39 133 40 123 16 138 36 11.4 34 126
Use of statins
No 449 765 288 727 217 741 326 100.0 91 78.5 316 100.0 262 96.7
Yes 138 235 108 273 76 259 0 00 25 216 0 0.0 9 33
Use of diabetes medication
No 560 954 379 957 293 100.0 316 969 114 983 307 97.2 268 98.9
Yes 27 46 17 43 0 0.0 10 3.1 2 1.7 9 2.9 3 141
Use of antihypertensive
medication
No 300 51.1 209 528 166 56.7 185 56.8 116 100 177 56.0 179 66.1
Yes 287 489 187 472 127 433 141 433 0 0.0 139 44.0 92 34.0

Abbreviations: HDL, high-density lipoprotein; MET, metabolic equivalent.
@Values expressed as the mean (maximum).
P Values expressed as the mean (standard deviation).
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medication to treat elevated triglycerides. Individuals were
diagnosed with hypertension if their systolic blood pres-
sure was >130 mm Hg or diastolic blood pressure was
>85 mm Hg, or they were taking medication to treat ele-
vated blood pressure. Participants who met 3 or more of the
above diagnostic criteria for abdominal obesity, high fast-
ing blood glucose, low HDL, hypertension, or hypertrigly-
ceridemia were considered to have metabolic syndrome
(2, 23). A structured, in-person questionnaire was used to col-
lect information about lifestyle and dietary habits, including
physical activity, smoking status, alcohol consumption, and
average dark fish consumption.

Statistical analyses

The risk of future metabolic dysfunction associated with
1-year average ambient PM, 5 level or temperature estimated at
the participants’ addresses was evaluated using Cox propor-
tional hazards modeling. This method’s ability to handle cen-
sored data and time-dependent covariates makes it well suited
for this analysis (24). Metabolic syndrome and 5 individual
measures of metabolic function—waist circumference,
fasting blood glucose, HDL cholesterol, blood pressure,
and triglycerides—were modeled separately.

Each model included time-dependent variables (the partici-
pant’s age at the time of the visit (years; continuous), dark
fish consumption (less than once a week, at least once a
week), alcohol consumption (<2 drinks/day, >2 drinks/day),
smoking status (never, former, current), and physical activity
(metabolic equivalent hours per week: <12, 12-29.9, >30))
and variables measured at the baseline visit (education as a
proxy for socioeconomic status (years: <12, 12.1-16, >16),
an indicator for whether the participant was a permanent resi-
dent of the Greater Boston area (yes/no), and percentage of
the participant’s census tract that was nonwhite (continuous)).
Lipid-lowering (statins), antihypertensive, and diabetes medi-
cations were included in the model for metabolic syndrome as
a whole and were considered to be time-dependent variables.
PM, 5 models adjusted for 1-year average temperature levels
and vice versa. Each model included strata for variables that
did not meet the Cox proportional hazards assumptions. We
also represented the significant associations and verified
graphically that PM, 5 and temperature levels did not show
major departures from the linear association with the out-
comes (Figures 1 and 2).

We also reanalyzed the results from each PM, 5 model
after restricting the analgsis to observations with PM, 5 le-
vels lower than 12 pg/m”, which is the primary annual fine-
particle standard set by the Environmental Protection
Agency for public health protection (25).

As a sensitivity analysis, we excluded outliers for PM; 5
and temperature levels for all models, and we excluded
physical activity from the list of covariates because includ-
ing it might have resulted in overadjustment. We further
investigated the interaction between air pollution and ambi-
ent temperature in relation to metabolic syndrome and its
individual components.

We additionally evaluated changes in each cardiometabolic
measure over time relative to air pollution and temperature
using a linear model with repeated observations for each
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participant. The analysis was subsequently stratified according
to the presence or absence of metabolic syndrome at baseline.

We used SAS, version 9.3 (SAS Institute, Inc., Cary, North
Carolina), and R (R Foundation for Statistical Computing,
Vienna, Austria) for all models (26-28).

RESULTS
Descriptive statistics

Table 1 shows demographic and clinical data for all partici-
pants. At baseline, of the 587 NAS participants, 191 (33%)
had abdominal obesity, 294 (50%) had high blood glucose,
261 (44%) had low HDL cholesterol, 471 (80%) had hyper-
tension, 271 (46%) had hypertriglyceridemia, and 316 (53%)
met criteria for metabolic syndrome. Participants with specific
metabolic dysfunctions were excluded from the correspond-
ing analysis groups. The most common conditions in both
preexisting and incident cases of metabolic syndrome were
hypertension, hypertriglyceridemia, and low HDL cholesterol
levels (Web Table 4). Participants were 70 years old, on aver-
age, at baseline and made up to 6 visits (mean = 2.2). Most
participants were white (88%), had at least a college degree
(71%), and were permanent residents in the Greater Boston
area (86%). Most men reported low physical activity (58%),
light or lower alcohol consumption (77%), and being former
smokers (65%). Twenty-four percent of the participants used
statins, 5% used diabetes medications, and 49% used antihy-
pertensive medications. The percentage of users of prescribed
medications and numbers of participants varied across the
data subsets used for analysis of the individual components of
metabolic syndrome.

Ambient air pollution and temperature associations

Estimated PM, 5 levels ranged between 4.2 pg/m’ and
13.6 pg/m’> (mean = 10.5 (standard deviation, 1.4) pg/m’). A
1-pg/m? increase in annual PM, s level was significantly asso-
ciated with a 27% higher risk of developing metabolic syn-
drome (hazard ratio (HR) = 1.27, 95% confidence interval
(CD: 1.06, 1.52; P = 0.01), a 20% higher risk of developing
elevated fasting blood glucose (HR = 1.20, 95% CI: 1.03,
1.39; P = 0.02), and a 14% increased risk of hypertriglyceri-
demia (HR = 1.14, 95% CI: 1.00; 1.30; P = 0.05) (Table 2,
Figure 1). Estimated annual temperature levels ranged
between 7.5°C and 18.8°C (mean = 11.4 (standard deviation,
1.1) °C). A 1°C increase in annual temperature was associated
with a 33% higher risk of elevated fasting blood glucose
(HR = 1.33, CI: 1.14, 1.56; P < 0.001) (Table 2, Figure 2).
However, temperature was not significantly associated with
the risk of metabolic syndrome as a whole (HR = 0.99, 95%
CIL: 0.82,1.21; P =0.95).

After restricting the analysis only to observations with 1-
year average PM, 5 levels less than 12 ug/m3 (Table 3), PM, 5
results for the analyses of metabolic syndrome and high fast-
ing blood glucose remained significant and showed stronger
associations: 40% higher risk of developing metabolic syn-
drome (HR = 1.40, CI: 1.11, 1.77; P = 0.005) and 31% higher
risk of elevated fasting blood glucose (HR = 1.31, CI: 1.05,
1.63; P =0.02).
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Figure 1. Level of exposure to fine particulate matter and the hazard ratio for the composite diagnosis of metabolic syndrome and each individual
component according to level of exposure to fine particulate matter (box-and-whisker plots) among Normative Aging Study participants, 2000—
2011. A) Abdominal obesity; B) high fasting blood glucose; C) low high-density lipoprotein cholesterol; D) hypertension; E) hypertriglyceridemia;
F) metabolic syndrome. Cl, confidence interval; LOESS, locally weighted scatterplot smoothing; PM, s, particulate matter with an aerodynamic

diameter less than or equal to 2.5 pm.
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Figure 2. Level of exposure to temperature and the hazard ratio for the composite diagnosis of metabolic syndrome and each individual compo-
nent according to level of exposure to fine particulate matter (box-and-whisker plots) among Normative Aging Study participants, 2000-2011. A)
Abdominal obesity; B) high fasting blood glucose; C) low high-density lipoprotein cholesterol; D) hypertension; E) hypertriglyceridemia; F) meta-
bolic syndrome. Cl, confidence interval; LOESS, locally weighted scatterplot smoothing.
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Table 2. Associations of 1-Year PM, s* and Temperature® Exposure With Risk of Metabolic Syndrome and Its Components, Normative Aging
Study, 2000-2011

Metabolic Syndrome or No. of No. of No. of PM, 5 Level Temperature
Component Participants Observations Events HazarqRatio 95%Cl  PValue® HazardRatio  95%Cl P Value®
Abdominal obesityd 396 857 107 1.00 0.86,1.16 1.00 1.06 0.86, 1.31 0.58
High fasting blood glucosed 293 562 118 1.20 1.03,1.39 0.02 1.33 1.14,1.56 <0.001
Low HDL cholesterol® 326 625 165 0.98 0.85,1.13 0.76 1.01 0.85,1.20 0.90
Hypertensiond 116 207 82 1.20 0.97,1.49 0.09 1.14 0.86, 1.50 0.37
Hypertriglyceridemiad 316 598 154 1.14 1.00, 1.30 0.05 1.07 0.92,1.24 0.36
Metabolic Syndromed’e 271 517 140 1.27 1.06, 1.52 0.01 0.99 0.82,1.21 0.95

Abbreviations: HDL, high-density lipoprotein; Cl, confidence interval; PM, s, particulate matter with an aerodynamic diameter less than or equal
to 2.5 pm.

@ PM, 5 concentration (for each 1 ug/m°®) was a 1-year average from daily estimates including aerosol-optical-depth data from the 1-km x 1-km
model and 10-km x 10-km model.

b Temperature (for each 1°C) was a 1-year average from daily estimates including aerosol-optical-depth data from the 1-km x 1-km model.

° Two-sided P value.

9The model included both time-dependent variables and variables measured at baseline. Time-dependent variables: age at the visit (years;
continuous), dark fish consumption (less than once a week, at least once a week), alcohol consumption (<2 drinks/day, >2 drinks/day), smoking
status (current, former, never), and physical activity level (metabolic equivalent hours per week, <12, 12-29.9, >30). Variables measured at base-
line: education (years, <12, 12.1-16, >16), whether the participant was a permanent resident of the Greater Boston area (yes/no), and percentage
of the participant’s census tract that was nonwhite (continuous).

¢ Category included medications varying over time: diabetes medication (no/yes), statins (no/yes), and antihypertensive medication (no/yes).

The 1-year average PM,s levels and temperatures
included outliers, defined as having an absolute deviation of
3 standard deviations from the mean. Analyses excluding
the 33 outliers confirmed results for PM, 5 and temperature
on metabolic syndrome and fasting blood glucose (Web
Table 5). Results from analyses excluding physical activity
from the list of covariates were also consistent with previous
findings (Web Table 6). Additionally, we found significant
interaction between particulate matter and temperature in
none of the models (Web Table 7).

The association of temperature with waist circumference
increased significantly over time (Web Table 8). Our find-
ings suggested that air pollution and temperature have
homogeneous associations with the progression of each
component for persons with and without defined metabolic
syndrome (Web Table 8).

DISCUSSION

The present study showed associations of long-term expo-
sure to higher ambient PM, 5 levels and outdoor tempera-
tures with increased risk of developing several components
of metabolic dysfunction. PM, s was associated with an
increased risk of metabolic syndrome and some of its indi-
vidual metabolic components: elevated fasting blood glu-
cose and triglycerides. Temperature was associated with an
increased risk of developing elevated fasting blood glucose.
To our knowledge, this was the first study to prospectively
examine both PM, 5 and temperature exposure in relation to
the risk of metabolic syndrome and of its individual compo-
nents. Our results indicated that individuals who lived in
neighborhoods with worse air quality, as reflected in higher

PM, 5 levels and/or higher temperatures than average, had
a greater risk of developing components of metabolic syn-
drome. The associations of PM, s with metabolic syn-
drome and fasting blood glucose remained significant
when restricting the analysis to observations below the
Environmental Protection Agency’s health-safety thresh-
old for primary annual fine-particle exposure (25). This
finding may support the need for more stringent measures
to further reduce PM,; 5 levels, as well as a need to begin
considering ambient temperature—an environmental vari-
able that has become key for climate-change predictions
—as a novel risk factor for long-term metabolic risk.

Our results were consistent with recent research into the
biological mechanisms through which high levels of PM, 5
and temperature exposure might affect metabolic regulation.
PM, 5 exposure may predispose individuals to metabolic
dysfunction through the generation of oxygen-centered free
radicals, which can disrupt insulin signaling and impair va-
sorelaxation, thus contributing to insulin resistance and vas-
cular disease (29, 30). PM, s exposure has recently been
shown to contribute to the generation and increase of reac-
tive oxygen species, which have been associated with meta-
bolic dysfunction (31-33). Additionally, PM, 5 exposure
may contribute to the risk of metabolic syndrome by activat-
ing cell-signaling pathways implicated in metabolic dys-
function. Sun et al. (34) demonstrated that long-term PM, 5
exposure leads to systemic inflammation, increased visceral
adiposity, and insulin resistance in male mice on a high-fat
diet. Exposure to air pollution caused several signaling
abnormalities associated with insulin resistance in the mice,
including decreased Akt/protein kinase B and endothelial ni-
tric oxide synthase phosphorylation in endothelial cells and
elevated protein kinase C expression. In a study by Mendez
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Table 3. Association of 1-Year PM, 5% Levels With Risk of Metabolic Syndrome and Its Components, Restricted to Observations With PM, 5

Levels Lower Than 12 ug/m3, Normative Aging Study, 20002011

Metabolic Syndrome or No. of No. of No. of PM, s Level
Component Participants Observations Events Hazard Ratio 95% ClI P Value®

Abdominal obesity® 368 753 102 1.12 0.94,1.34 0.21

High fasting blood glucose® 261 484 101 1.31 1.05, 1.63 0.02
Low HDL cholesterol® 287 536 141 0.98 0.83,1.16 0.85
Hypertension® 101 179 67 1.36 0.81,2.29 0.24
Hypertriglyceridemia® 282 515 135 1.14 0.96, 1.35 0.12
Metabolic syndrome®® 243 441 125 1.40 1.11,1.77 0.005

Abbreviations: HDL, high-density lipoprotein; 95% Cl, 95% confidence interval; PM, s, particulate matter with diameter under 2.5 pm.
@PMj s (for each 1 ug/m®) was 1-year average from daily estimates including AOD data from the 1 x 1 km model and 10 x 10 km model.

® Two sided P.

®The model included both time-dependent variables and variables measured at baseline. Time-dependent variables: age at the visit (years;
continuous), dark fish consumption (less than once a week, at least once a week), alcohol consumption (<2 drinks/day, >2 drinks/day), smoking
status (current, former, never), physical activity level (<12, 12-29.9, >30 metabolic equivalent hours per week), and 1-year average temperature
levels. Variables measured at baseline: education (<12, 12.1-16, >16 years), whether the participant was a permanent resident of the greater
Boston area (yes/no), and percentage of the participant’s census tract that was nonwhite (continuous).

9Included medications varying over time: diabetes medication (no/yes), statins (no/yes), and antihypertensive medication(no/yes).

et al. (35), the same research group showed that long-term
PM, 5 exposure causes upregulation of genes involved in
lipogenesis, lipolysis, adipocyte differentiation, and lipid-
droplet formation in mouse adipose tissue. These studies are
highly supportive of our findings and suggest possible me-
chanisms for PM, s-induced metabolic dysfunction.

The relationship between temperature and high blood
sugar that we identified might be due to the role of adipose
tissue in adaptation to temperature differences—a hypothe-
sis consistent with prior obesity research (36). Indeed, in the
presence of colder temperatures, fat stored in adipocytes is
mobilized and used to produce heat to keep body tempera-
ture constant. Brown adipose tissue, in particular, burns
energy and glucose to generate heat (10, 37, 38), and indivi-
duals with higher proportions of brown adipose tissue are
protected from diabetes and obesity (39). People exposed to
comparatively higher temperatures burn fewer calories to
maintain body temperature, have less brown adipose tissue,
and therefore, as shown in our analysis, may be more prone
to developing insulin resistance.

Interestingly, neither PM, 5 nor temperature was signifi-
cantly associated with abdominal obesity, low HDL choles-
terol, or hypertension, all of which are key components of
metabolic syndrome that are often presented as underlying
and/or preceding the other components (40) and cardiovas-
cular morbidity (41, 42). This finding may indicate that
PM, 5 and temperature activate metabolic mechanisms such
as inflammation, which might increase the risk of develop-
ing elevated fasting blood glucose and hypertriglyceridemia
without substantially increasing the risk of abdominal obe-
sity, low HDL cholesterol, or hypertension. On the other
hand, the lack of association with abdominal obesity indi-
cated that our findings were not confounded by possible cor-
relations with obesity-associated lifestyles, such as those
resulting in a high-calorie diet or low physical activity,

Am J Epidemiol. 2017;185(1):30-39

which would be expected to also significantly increase obe-
sity risk.

In the present study, the estimated magnitude of the
association between PM, 5 and metabolic syndrome was
relatively larger than that found in other studies of cardio-
vascular events or death (9). Older individuals are espe-
cially susceptible to pollution-triggered morbidity and
mortality (43). The risk of developing metabolic syndrome
increases with age; metabolic syndrome affects approxi-
mately 24% of the US adult population, and the prevalence
is dramatically higher in older adults (=50 years of age), at
44% (3, 23). Therefore, NAS participants represent a par-
ticularly vulnerable population, composed of older male
participants (mean age 70 years). Previous studies sug-
gested that metabolic syndrome is a precursor for coronary
heart disease (44), and it contributes to the risk of cardio-
vascular mortality (45). Increased risk for developing meta-
bolic syndrome in response to air pollution might serve as
one of the primary intermediate outcomes contributing to
air pollution—related cardiovascular disease events.

We used validated spatiotemporally resolved models to
estimate PM, 5 levels and temperature at each participant’s
home address at a resolution of 1 km X 1 km. All of the
NAS participants lived in the same metropolitan area, which
was relatively cool and had a low penetrance of air condi-
tioning (46). However, 1-year averages of both PM, 5 and
temperature levels showed wide variations across partici-
pants, mostly due to differences in residential address char-
acteristics such as proximity to roadways or water and
amounts of green space and concrete. In our study, we were
also able to control for variables related to personal and
residence-based characteristics, which should have limited
residual confounding by those factors. Finally, our results
included a substantial number of observations; each of our
587 participants completed 2.2 study visits, on average.
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Some limitations could have affected our study. The
study sample was over 88% white and all male, which limits
the generalizability of our results to other racial/ethnic
groups and to women. Other possible sources of bias should
be considered in the interpretation of our results, including
the use of exposure estimates based on residential address or
I-km X 1-km resolution, which may misclassify personal
exposure levels. Measurement error for air pollution or tem-
perature is a common limitation of epidemiologic studies,
which usually leverage PM, s and temperature measure-
ments of ambient particulate concentrations and tempera-
ture, respectively, from stationary monitors to obtain
exposure estimates for study participants. The difference
between the ambient estimate and a participant’s average
personal exposure is a potentially important source of bias,
for measures of both air pollution and temperature. This bias
would be unlikely to alter our conclusions on statistically
significant findings, because misclassification from using
the ambient measurements is most likely to attenuate statisti-
cal associations (47). It is possible, however, that measure-
ment error is responsible for the lack of association observed
with some metabolic components. Further, because NAS
participants are largely retired, estimates of levels at the par-
ticipants’ addresses or at a 1-km X 1-km resolution are ex-
pected to correlate well with personal exposures due to the
lack of commuting to work (48).

In conclusion, our results add evidence that long-term
exposure to higher PM; 5 levels and warmer temperatures in-
creases the risk of metabolic dysfunction. People living in
neighborhoods with worse air quality—in terms of higher
PM, s levels and/or higher temperatures than average—
showed an increased risk of developing metabolic dysfunc-
tions. These metabolic associations may represent interme-
diate factors that could help to explain the link of increased
exposure to PM, 5 and higher temperature with cardiovascu-
lar morbidity and long-term mortality risks. Our findings
may indicate the need for more stringent control of ambient
PM, 5 levels and for revising estimates of the health impact
of climate changes to account for the long-term risk of meta-
bolic dysfunction and its sequelae.
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