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Context: Evidence from recent decades supports a causal association between air pollution (par-
ticulate matter <10 uwm in diameter [PM,,] and PM <2.5 um in diameter [PM, s]) and oxidative
stress, possibly involving impaired metabolism of glucose and lipids.

Objective: Using a satellite based model to assess PM exposure at 1-km spatial resolution, we
examined the associations between PM and glucose, hemoglobin A1c (HbA1c), and lipids.

Design: Population-based retrospective cohort study of a 10-year period.
Setting: Members of the largest health care provider in Southern Israel.

Participants: We included all serum glucose, HbA1c, and lipids tests of subjects with known car-
diovascular diseases and risk factors. Subjects’ glycemic status was defined as normal or diabetes.

Main Outcome: Log-transformed glucose, HbA1c, and lipid values were explored by mixed models,
with adjustment for personal and seasonal confounders.

Results: We assessed 73 117 subjects with over 600 000 samples. Three-month average concentra-
tion of PM,,, but not 1- to 7-d exposure, was associated with increases of serum glucose, HbA1c,
low-density lipoprotein and triglycerides, and decrease of high-density lipoprotein. The strongest
associations were observed among subjects with diabetes (percent increase [95% confidence in-
terval], for interquartile range increase of PM,, and PM, 5): 3.58% (1.03%; 6.20%) and 2.93%
(0.35%; 5.59%) increase in HbA1cand 2.37% (2.11%; 2.63%) and 1.54% (1.26%; 1.83%) increase
in low-density lipoprotein. Antidiabetic medications (other than insulin) attenuated the air pol-
lution effect on serum glucose.

Conclusions: Intermediate-term, but not short term, exposure to PM is associated with alterations
in glucose, HbA1c, and lipids, especially among people with diabetes. (J Clin Endocrinol Metab 101:
2460-2467, 2016)

articulate matter (PM) is one of the leading risk factors

for global disease burden (1). Cardiovascular, respi-
ratory, and metabolic effects of air pollution have already
been documented in several studies (2, 3). Evidence from
recent decades supports a causal association between ex-
posure to PM less than 10 wm in diameter (PM,,) and PM
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less than 2.5 wm in diameter (PM, 5) and oxidative stress
(4), which may explain the association with an increased
risk for cardiovascular morbidity (2, 5). Several biological
pathways were proposed, among them: atherosclerosis ac-
celeration (6), coagulation changes (7) and blood cells re-
sponse (8), the development of dysfunctional high-density
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Abbreviations: AOD, Aerosol Optical Depth; BMI, body mass index; Cl, confidence interval;
HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; IQR, interquartile range; IR, insulin
resistance; LDL, low-density lipoprotein; PM, particulate matter; PM; o, PM less than 10 um
in diameter; PM; s, PM less than 2.5 um in diameter; SES, socioeconomic status.
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lipoprotein (HDL) with impaired capacity to provide an-
tioxidant protection (9), and endothelial dysfunction and
vasoconstriction (10). The latter is supported by the evi-
dence that the exposure to higher concentration of diesel
exhaust particles reduces the endothelial relaxation
evoked by nitric oxide, suggesting a direct effect of diesel
exhaust particles on smooth muscles relaxation, mediated
by the nitric oxide reduction (11).

Impaired metabolism of glucose and lipids associated
with PM exposure and mediated by insulin resistance (IR)
(12-14) contributes to the development of the cardiovas-
cular disease. A recent animal study showed that mice who
were exposed to PM, s for 10 weeks displayed impaired
hepatic glycogen storage, glucose intolerance, and IR (12).
In another study, mice who were exposed to PM, s for 10
weeks exhibited a reduced plasma HDL level and in-
creased low-density lipoprotein (LDL) oxidation, free ox-
idized fatty acids, and triglycerides (15). However, current
knowledge of the association of PM exposure and glucose
metabolism (13, 16, 17), IR (18), hemoglobin Alc
(HbA1c) levels (13, 16), or lipids (16, 19) levels in human
studies, is scarce. Moreover, spatial estimates of particle
exposure are imprecise and create exposure measurement
errors (20). Furthermore, most previous studies tend to
focus on the association between the acute exposure and
clinical/laboratory outcomes.

PM exposure is a major issue in countries located in
desert areas. In Eastern Asia, the frequent dust events,
which originate in the Chinese and Mongolian desert, in
combination with the anthropogenic air pollution, have
become a major concern for public health (21). Studies
conducted in Asia has linked between dust exposure and
asthma episodes (21), mortality (22), blood pressure, se-
rum lipids, and glucose (13).1f, as this study suggests, these
high particle levels are also increasing IR, they may accel-
erate the already increasing levels of diabetes in those
countries.

The Negev region (Southern Israel) is located in the
global dust belt, which extends from West Africa to
the Arabian Desert. PM;,and PM, s concentrations in the
area can reach extremely high levels (23). In a recent study,
which included real-time measurements of PM,, and
PM, ; levels measured simultaneously in outdoor and in-
door air during dust events in the Negev, the observed
average outdoor concentrations for PM;, and PM, s
reached 551 and 299 ug/m?, respectively. Indoor levels
were similar (517 and 282 ug/m?, respectively), suggesting
high pollution infiltration into the houses (24).

We have recently presented a new method of assessing
spatiotemporal resolved PM, s and PM,, exposures in the
Negev (25). In contrast to many commonly used exposure
models, our model makes use of satellite Aerosol Optical
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Depth (AOD) measurements as well as land use terms,
which allow us to estimate spatially resolved PM,, on a
daily basis across Israel and include populations in rural
areas not living nearby monitoring stations.

As a part of the possible theory linking the association
of PM exposure and cardiovascular diseases, we sought to
investigate if this association might be mediated through
the well-established cardiovascular risk factors such as
abnormal lipid and glucose metabolism. We make use of
the aforementioned model, and rich individual clinical
and sociodemographic data from over 70 000 partici-
pants and 600 000 blood samples. Across 10 years of fol-
low-up, we aim to investigate the effects of both short- and
intermediate-term exposure to PM on serum glucose,
HbAlc, triglycerides, HDL, and LDL.

Materials and Methods

Study population

The study population comprised adult subjects residing in
Southern Israel between the years 2003 and 2012 and diagnosed
with one of the following: stroke, ischemic heart disease, dys-
lipidemia, diabetes, hypertension, or being known smokers. We
included all glucose, HbAlc, and lipids samples of subjects with
available geocoded addresses, insured by Clalit Health Services.
Clalit Health Services is the largest health care provider in the
area, covering approximately 70% of a population of 730 000
residents in the Negev.

All blood tests were performed between 7 and 10 AM in the
primary clinics in Southern Israel and were analyzed by a single
laboratory, located in Soroka University Medical Center. Pa-
tients scheduled to undergo the aforementioned tests are rou-
tinely guided to fast 8 hours before a glucose test and 12 hours
before lipids test. Computerized individual demographic, clini-
cal, laboratory, and medication prescription data were fully
available. We obtained the following patient data: age, gender,
ethnicity, comorbidities, body mass index (BMI), smoking sta-
tus, medications, and socioeconomic status (SES). SES was as-
signed based on the subjects’ home address and stratified ac-
cording to the definitions of the Central Bureau of Statistics
assigning SES level in a scale of 1-10 (26).

We excluded children (under 18 y of age), and patients whose
blood tests were performed in the presence of a known acute
illness (ie, tests performed during hospitalization or tests per-
formed in primary clinics with additional test result of white
blood cells count higher above 10 800 mm™3).

Clinical definitions

Study groups

Diabetes diagnosis was established in the presence of one of
the following: physician confirmed diagnosis, antidiabetic med-
ication purchase between the years 2003 and 2013, and 2 or
more measurement of fasting glucose more than or equal to 126
mg/dL or HbAlc more than 6.5% (27). In the event of multiple
tests available, patient meeting diabetes criteria once during the
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study period was assigned to diabetes group for the entire study
period.

Air pollution and meteorological data

PM, ,and PM, ; daily average concentrations were estimated
using a hybrid satellite based model incorporating daily satellite
remote sensing data at 1 X 1-km spatial resolution (28). Briefly,
we use an algorithm developed by NASA-Multi-Angle Imple-
mentation to Atmospheric Correction (29), which provides
AQOD data at a high resolution. We then used mixed models to
regress daily PM, , (or PM,, ) mass concentration from the Min-
istry of Environmental Protection monitors against: AOD, tra-
ditional land use regression terms, and temporal predictors.
When AOD were not available, we fitted a generalized additive
model using nearby monitors and a thin plate spline term of
latitude and longitude to interpolate PM,,, s estimates. Good
model performance was achieved, with out-of-sample cross val-
idation R? values of 0.79 and 0.72 for PM, , and PM, s, respec-
tively. Model predictions had little bias, with cross-validated
slopes (predicted vs observed) of 0.99 for both models. Exposure
estimates were assigned for each patient based on his/her geo-
coded home address. Further details have been previously pub-
lished (28).

Daily data on air temperature and relative humidity for the
study period were obtained from the monitoring site located in
the center of the largest city in Southern Israel.

Statistical analysis

Results are presented by mean * SD and interquartile range
(IQR) for continuous variables and as percentages for categorical
data. Log-transformed glucose and lipid values were modeled by
mixed models with random intercepts for each participant. We
modeled the associations with PM, and PM, s separately. Each
model was adjusted for personal characteristics (age, gender,
SES, BMI, smoking status, diabetes status, and the purchase of
antidiabetic medications 3 mo before the test), seasons, year, and
moving average of temperature and relative humidity. When
examining the association with blood lipids, models were ad-
justed for the purchase of lipid modifying agents 3 months before
the test.

Coefficients were antilog transformed to the original units,
and results are presented as percent change in the outcome and
95% confidence intervals (CIs) for increases of IQR of the
pollutants.

Serum HbA1c

HbA1c levels were available for 12.76% of the patients di-
agnosed with diabetes. To avoid selection bias, due to the avail-
ably of the HbA1c results only in this group, we used stabilized
inverse probability weights. Probabilities of having a test were
modeled accounting for the subjects’ age, gender, ethnicity, SES,
cardiovascular illness, dyslipidemia, and the purchase of antidi-
abetic drugs.

Exposure windows

For the associations with glucose and lipids, we have a
priori defined short-term exposure periods to PM,, or PM,
as 1-day, 2- to 3-day, and 1-week moving average concentra-
tions preceding the laboratory test. Because HbAlc levels re-
flect the mean serum glucose levels over approximately 3
months, short-term exposure to PM was not linked to HbAlc
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levels. We used a 3-month moving average of the PM,, or
PM, 5 pollutants concentrations to define an intermediate-
term exposure. Intermediate-term exposure, for the associa-
tion with glucose and lipids, was defined as 3-month moving
average concentrations preceding the laboratory test to match
the period with a glucose control time interval reflected in
HbA1lc.

Stratified analyses

In a subgroup analysis we repeated the analysis among
subjects with and without diabetes separately. We addition-
ally stratified the tests performed by patients with diabetes
by the type of treatment: no medications, insulin, metformin,
or other antidiabetic drugs (glucagon-like peptide-1 receptor
agonists, inhibitors of dipeptidyl peptidase 4, a-glucosidaze
inhibitor, sulfonylurea, meglitinides, and thiazolidinediones).

Analyses were performed in SAS 9.4 (SAS Institute, Inc) and
R3.1.0 software.

Results

Weincluded 73 117 subjects with 618 483 glucose sam-
ples, 480 669 LDL samples, 473 551 HDL samples, and
476 556 triglycerides and 4179 HbAlc samples per-
formed between the years 2003 and 2012. The median
and IQR of samples per subject were: 7 (3; 12) for glu-
cose, 5 (2; 10) for lipids, and 1 (1; 1) for HbA1c tests.
Subjects with diabetes comprised 36 % of the study co-
hort Table 1).

Table 1. Population Characteristics

Diabetes

No (46 894 Yes (26 223
Population Characteristics  Subjects) Subjects)
Glucose tests, n 329 934 288 549
Tests per subject, median (IQR) 5 (2; 10) 10 (5; 16)
Median value (IQR) (mg/dL) 87 (78; 96) 115 (96; 143)
LDL tests, n 253174 227 495
Tests per subject, median (IQR) 4 (2; 8) 8(4;13)
Median (IQR) (mg/dL) 114 (92; 138) 99 (79; 124)
HDL tests, n 249 347 224 204
Tests per subject, median (IQR) 4 (2; 8) 8(4;12)
Median (IQR) (mg/dL) 50 (42; 59) 46 (39; 55)
Triglycerides tests, n 250 375 226 181
Tests per subject, median (IQR) 4 (2; 8) 8(4;13)

Median (IQR) (mg, dL) 121 (90; 165) 138 (102; 186)
Age, years mean = SD 552 =185 64.8+ 14.0
Male gender, % (n) 44.8 (21 015) 44.1 (11 571)
CVD, % (n) 62.4 (29 276) 87.1(23116)
HTN, % (n) 59.2 (27 765) 86.2 (22 616)
Dyslipidemia, % (n) 66.6 (31 256) 89.2 (23 383)
BMI, % (n) 275+54 303 +57
Smoking, % (n) 34.0 (15 183) 21.6(5328)
Medications, % (n)

Insulin 0 (0) 14.0 (3678)
Metformin 0 (0) 43.3 (11 320)
Other antidiabetic drug 0 (0) 24.7 (6461)
Statins 19.0(8379) 46.2 (11 767)
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HDL (Figure 1).
HDL, intermediate-term exposure - ol
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Percent change and 95% Confidence Interval (Cl)

Figure 1. The association between short- and intermediate-term exposure to PM;, and
PM, ¢ and glucose and lipids levels. The figure shows the percent change in glucose, LDL,
HDL, and TRG (triglycerides), for IQR increase in 1 day (short-term exposure) and 3-month
average (intermediate-term exposure) concentrations of PM,4 (20 wg/m?) and PM, 5 (7 pg/
m?), obtained from mixed models. All models are adjusted for personal characteristics (age,
gender, SES, BMI, smoking status, diabetes status, and the purchase of antidiabetic
medications 3 mo before the test), seasons, year, and moving average of temperature and
relative humidity 3 months before the test. When examining the association with blood
lipids, models were adjusted for the purchase of lipid modifying agents 3 months before the

test.

During the study period, the IQR of the mean daily
temperature ranged between 14.60°C and 25.10°C,
reaching maximal mean temperature of 33.48°C. The
IQR of relative humidity ranged between 59% and 77%.
Three-month moving average of PM,, and PM, s levels in
the study period ranged between 3.4 and 244.4 ug/m?
(mean, 54.08 wg/m®) and between 8.8 and 87.1 ug/m?
(mean, 22.3 pg/m?), respectively.

The association between PM exposure, glucose,
and lipids; short- and intermediate-term effects

We observed no association or negligible associations
between acute exposures to PM;, (1 d before the blood
test) and glucose (% [95%CI]: 0.03% increase [0.003 %;
0.057%]), LDL (0.03% increase [0.01%; 0.06%]), trig-
lycerides (0.00% decrease [—0.04%; 0.03%]), and HDL
(0.01% decrease [—0.02%30.00%]). The associations ob-
served with PM, s and the associations observed with 2-
and 3-day and 1-week average concentrations of the pol-
lutants were similar.

When assessing the effect of intermediate-term expo-
sure (3-mo average concentration of PM,,and PM, s), we
found 0.30% (0.153%; 0.452%) and 0.02% (—0.12%;
0.18%) increases in glucose, 2.32% (2.15%; 2.49%) and
1.42% (1.23%;1.60%) increases in LDL, 0.23% (0.02%;
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PM, s exposure and diabetes in the
association with LDL (P = .080 for
both comparison). We therefore re-
peated the analysis with stratifica-
tion by diabetes status in order to
assess modification of the associa-
tion between the intermediate ex-
posure to PM and glucose or lipids
levels. In both groups, IQR in-
creases of 3-month average concen-
tration of PM,,and PM, s were as-
sociated with increases of serum glucose, HbAlc, LDL,
and triglycerides and decreases of HDL. The strongest
associations were observed among subjects with diabe-
tes (percent increase [95% CI], for IQR increase of
PM,, and PM, 5): 3.58% (1.03%; 6.20%) and 2.93%
(0.35%; 5.59%) increase in HbAlc, and 2.37%
(2.11%3 2.63%) and 1.54% (1.26%; 1.83%) increase
in LDL. Among subjects without diabetes IQR increases
in 3-month average concentration of PM,, and PM, s
were associated with 2.28% (2.05%; 2.50%) and
1.28% (1.03%; 1.52%) increases in LDL. The associ-
ations with glucose and triglycerides were weaker com-
pared with those observed among subjects with diabetes
(Table 2).

No significant associations were observed with PM
or PM, ; concentrations 1-7 days before the test.

Type of treatment

To evaluate possible modification by the type of treatment
among subjects with diabetes, we compared the percent
change in serum glucose among patients treated only with
insulin, only with metformin or only with any other an-
tidiabetic drug, and patients who are not treated with an-
tidiabetic medications. We observed a statistically signif-
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Table 2. Percent Change in Serum Glucose, LDL, HDL, and Triglycerides Associated With an IQR Increase of PM,,
and PM, 5, Among Subjects With and Without Diabetes

Percent Change and 95% Confidence Intervals

Exposure Normal Glucose Levels Diabetes

PMi,
Serum glucose 0.28% (0.14%; 0.42%)? 0.57% (0.29%; 0.85%)
HbA1c — 3.58% (1.03%; 6.20%)?
LDL 2.28% (2.05%; 2.50%)? 2.37% (2.11%; 2.63%)?
HDL —1.13% (—1.26%; —0.99%)? —1.13% (—1.27%; —0.99%)?
Triglycerides 0.16% (—0.12%; 0.45%) 0.31% (0.02%; 0.61%)?
2.5
Serum glucose —0.55% (—0.69%; —0.41%)? 0.41% (0.12%; 0.69%)
HbA1c — 2.93% (0.35%; 5.59%)?
LDL 1.28% (1.03%; 1.52%)? 1.54% (1.26%; 1.83%)?
HDL —1.29% (—1.43%; —1.15%)? —1.31% (—1.47%; —1.16%)?
Triglycerides 0.28% (—0.03%; 0.59%) 0.41% (0.09%; 0.74%)?

Percent change in glucose and lipids, for IQR increase in 3-month average concentrations of PM,, (20 wg/m3) and PM, 5 (7 ng/m?3), obtained from
mixed models. All models are adjusted for personal characteristics (age, gender, SES, BMI, smoking status), seasons, year, and moving average of
temperature and relative humidity 3 months before the test. Among patients with diabetes, models are adjusted for the purchase of antidiabetic

medications 3 months before the test. When examining the association with blood lipids, models were adjusted for the purchase of lipid

modifying agents 3 months before the test.
@p<.05.

icant interaction between PM,, exposure and metformin
(P = .038) or antidiabetic drugs other than insulin (P =
.007) and between PM, 5 exposure and insulin (P < .01)
or other medications (P = .006). We found that metformin
and antidiabetic medications other than insulin had a pro-
tective effect against air pollution induced increases in se-
rum glucose: an IQR increase of PM, was associated with
0.56% increase (0.03%; 1.15%) in serum glucose among
patients treated with metformin, whereas no association
was observed among patients treated with other medica-
tions. No statistically significant interaction with PM,
was observed in both groups. Stronger effect estimates
were observed among patients treated with Insulin (%
[95% CI]: 1.47% increase [—0.37%; 3.36%] and 1.13%

increase [—0.72%; 3.03 %], respectively) and among un-
treated patients (0.86% increase [0.52%; 1.20%] and
1.70% increase [1.37%; 2.04 %], respectively) (Table 3).

Discussion

In this study, we examined the associations between PM
exposure and serum glucose, HbA1c, and lipids levels. We
observed significantincrease in glucose, HbA1c, LDL,and
triglycerides and decrease in HDL levels, associated with
increases of PM average concentrations in the 3 months
preceding the test. The associations were more pro-
nounced among patients with diabetes. The weaker asso-

Table 3. Percent Change in Serum Glucose Associated With an IQR Increase of PM,, and PM, s, Among Subjects

With Diabetes, Stratified by Treatment

Percent Change and 95%

n Confidence Intervals

PM 1o

No medications 18 689 subjects, 168 636 tests 0.86% (0.52%; 1.20%)?

Insulin 1820 subjects and 12 167 tests 1.47% (—0.37%; 3.36%)

Metformin 8495 subjects and 51 859 tests 0.56% (0.03%; 1.15%)?

Other 2264 subjects and 9774 tests —0.20% (—1.17%; 1.40%)
PM, 5

No medications 18 689 subjects, 168 636 tests 1.70% (1.37%; 2.04%)?

Insulin 1820 subjects and 12 167 tests 1.13% (—0.72%; 3.03%)

Metformin 8495 subjects and 51 859 tests —0.01% (—0.57%; 0.56%)

Other 2264 subjects and 9774 tests 0.34% (—1.27%; 1.98%)

Percent change in glucose for IQR increase in 3-month average concentrations of PM,, (20 wg/m3) and PM, < (7 wg/m3), obtained from mixed
models. All models are adjusted for personal characteristics (age, gender, SES, BMI, smoking status), seasons, year, and moving average of
temperature and relative humidity 3 months before the test.

2 p < .05.
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ciations found among patient treated with antidiabetic
medications (other than insulin) suggest that these medi-
cations have a protective effect against the air pollution
induced changes in serum glucose. We found no acute
effect of PM (exposure of 1-7 d) on any of the parameters
measured.

Short- and intermediate-term effects

In accordance with previous studies, we found positive
associations with serum glucose and lipids (13, 16, 17).
The aforementioned studies, which found positive asso-
ciations with exposure to PM, 5 and PM,, up to 6 days
before the test, did not assess the possible intermediate-
term effect of the pollutants (13, 17). Chuang et al, who
did assess the association with annual average concentra-
tions of PM,, and PM, s, concluded that long-term ex-
posure is associated with increases of serum glucose,
HbA1c, and total cholesterol (16).

Similar to the current study, a previous study per-
formed in the Negev revealed no effect of short-term ex-
posure to PM,, on serum glucose levels. In addition, no
association between 3-month average concentrations of
PM,, and HbA1c was found in the aforementioned study
(30). Using spatially resolved satellite-based estimates, in
the current study, we were able to identify the associations
between the tested markers and PM,, or PM, 5 interme-
diate-term exposures.

PM can generate oxidative stress and systemic inflam-
mation, which may be the mechanism by which it may lead
to IR, and modify glucose and lipids metabolism (12, 15).

Modification of the effect by the glycemic status
and the type of treatment

Several studies found patients with diabetes to be
more susceptible to the air pollution effect (17, 31, 32).
Current evidence suggests that inflammatory and coag-
ulation mechanisms, resulting in IR and vascular dys-
function, contribute to the vulnerability of these pa-
tients (31).

Similar to a previous study performed among the
Negev population, we found stronger associations with
air pollution exposure among patients with diabetes,
with the exception of patients who were treated with
metformin. This association may be explained by the
enhanced antiinflammatory response occurring after
the treatment of insulin sensitizers (eg, metformin),
which may increase the resistance to the air pollution
effect (33). That said, due to the weaker associations
observed among patients who were treated with other
antidiabetic medications as well, it is possible that other
common characteristic of the treated patients, who are
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notinsulin dependents, made them less vulnerable to the
air pollution effect.

Health implications

As seen in many environmental studies, the health
effects reported in our study are relatively small. Yet,
when applied to large populations the overall effect,
impairing glucose and lipids levels, can be translated
into adverse health outcomes (34). In addition, when
addressing health implications of environmental expo-
sures, both the broad extent of exposed population and
the continuous nature of exposure must be considered,
beyond the individual risk (35).

Although genetics play a major role in the develop-
ment of diabetes, recent studies linked between air pol-
lution exposure and the development of diabetes (34)
and diabetes-related deaths (36). Small differences in
the glycemic control and glucose even within the normal
range are translated into the clinically meaningful vari-
ation in cardiovascular disease risk (37).

High LDL, high triglycerides, and low HDL are well-
established risk factors for coronary heart disease (38,
39). Several major trials provide robust evidence that
lowering LDL cholesterol by a small amount of approx-
imately 1 mmol/L leads to a reduction in vascular mor-
tality and morbidity by 25% in a diverse range of pa-
tients treated with statins (40). In a cumulative lifetime
exposure to air pollution, the increases of LDL and trig-
lycerides and decreases of HDL may increase the risk of
the development of cardiovascular events.

Limitations

Our study had a number of limitations. First, the
study population comprises mostly unhealthy subjects.
Although this limitation may decrease generalizability
of findings it also strengthens the validity of our findings
by reducing comorbidities confounding by design (41).
Second, the use of medications and laboratory results
for diabetes definition might have resulted in misclas-
sification in study group assignment. However, the
completeness of the medical and laboratory data and
the use of spatial estimates of PM in a high resolution of
1 X 1 km markedly decrease the potential exposure and
outcome misclassifications. Lastly, HbAlc was avail-
able only for 12.76 % of the patients with diabetes in our
sample. We used stabilized inverse probability weights
to reduce selection bias, but bias may still be present. In
addition, given the small amount of HbAlc tests we
were not able to stratify the association between PM
and HbAlc by the type of treatment.
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Conclusion

Intermediate-term, but not short-term, exposure to
PM is associated with alterations in serum glucose,
HbAT1c, and lipids, especially among patients with di-
abetes. Metformin and antidiabetic medications other
than insulin seem to attenuate the association between
air pollution and serum glucose increase.

Acknowledgments

Address all correspondence and requests for reprints to: Victor
Novack, MD, PhD, Soroka Clinical Research Center, Soroka
University Medical Center, Beer Sheva 84101, Israel. E-mail:
victorno@clalit.org.il.

This work was supported by the Environment and Health
Fund, Israel Grant SGA 1303.

Disclosure Summary: The authors have nothing to disclose.

References

1. Lim SS, Vos T, Flaxman AD. A comparative risk assessment of
burden of disease and injury attributable to 67 risk factors and risk
factor clusters in 21 regions, 1990-2010: a systematic analysis for
the Global Burden of Disease Study 2010 (vol 380, pg 2224, 2012).
Lancet. 2013;381:1276-1276.

2. Brook RD, Rajagopalan S, Pope CA 3rd, et al. Particulate matter air
pollution and cardiovascular disease: an update to the scientific
statement from the American Heart Association. Circulation. 2010;
121:2331-2378.

3. Baiz N, Dargent-Molina P, Wark JD, et al. Gestational exposure to
urban air pollution related to a decrease in cord blood vitamin d
levels. | Clin Endocrinol Metab. 2012;97:4087-4095.

4. Miller MR, Shaw CA, Langrish JP. From particles to patients: ox-
idative stress and the cardiovascular effects of air pollution. Future
Cardiol. 2012;8:577-602.

5. Araujo JA. Particulate air pollution, systemic oxidative stress, in-
flammation, and atherosclerosis. Air Qual Atmos Health. 2010;4:
79-93.

6. Campen M]J, Lund A, Rosenfeld M. Mechanisms linking traffic-
related air pollution and atherosclerosis. Curr Opin Pulm Med.
2012;18:155-160.

7. Emmerechts J, Jacobs L, Van Kerckhoven S, et al. Air pollution-
associated procoagulant changes: the role of circulating mi-
crovesicles. | Thromb Haemost. 2012;10:96-106.

8. Tan WC, Qiu D, Liam BL, et al. The human bone marrow response
to acute air pollution caused by forest fires. Am | Respir Crit Care
Med. 2000;161:1213-1217.

9. Yin F, Lawal A, Ricks J, et al. Diesel exhaust induces systemic lipid
peroxidation and development of dysfunctional pro-oxidant and
pro-inflammatory high-density lipoprotein. Arterioscler Thromb
Vasc Biol. 2013;33:1153-1161.

10. KrishnanRM, Adar SD, Szpiro AA, etal. Vascular responses to long-
and short-term exposure to fine particulate matter: MESA Air
(Multi-Ethnic Study of Atherosclerosisi and Air Pollution). | Am
Coll Cardiol. 2012;60:2158-2166.

11. Muto E, Hayashi T, Yamada K, Esaki T, Sagai M, Iguchi A. Endo-
thelial-constitutive nitric oxide synthase exists in airways and diesel
exhaust particles inhibit the effect of nitric oxide. Life Sci. 1996;59:
1563-1570.

12. Zheng Z, Xu X, Zhang X, et al. Exposure to ambient particulate
matter induces a NASH-like phenotype and impairs hepatic glu-

L I M KAy

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

J Clin Endocrinol Metab, June 2016, 101(6):2460-2467

cose metabolism in an animal model. ] Hepatol. 2013;58:148 -
154.

Chuang KJ, Yan YH, Cheng TJ. Effect of air pollution on blood
pressure, blood lipids, and blood sugar: a population-based ap-
proach. | Occup Environ Med. 2010;52:258-262.

Sun Q, Yue P, Deiuliis JA, et al. Ambient air pollution exaggerates
adipose inflammation and insulin resistance in a mouse model of
diet-induced obesity. Circulation. 2009;119:538 -546.

Li R, Navab M, Pakbin P, et al. Ambient ultrafine particles alter
lipid metabolism and HDL anti-oxidant capacity in LDLR-null
mice. | Lipid Res. 2013;54:1608-1615.

Chuang KJ, Yan YH, Chiu SY, Cheng TJ. Long-term air pollution
exposure and risk factors for cardiovascular diseases among the
elderly in Taiwan. Occup Environ Med. 2011;68:64-68.

Kim JH, Hong YC. GSTM1, GSTT1, and GSTP1 polymorphisms
and associations between air pollutants and markers of insulin re-
sistance in elderly Koreans. Environ Health Perspect. 2012;120:
1378-1384.

Brook RD, Xu X, Bard RL, et al. Reduced metabolic insulin sen-
sitivity following sub-acute exposures to low levels of ambient
fine particulate matter air pollution. Sci Total Environ. 2013;
448:66-71.

Jacobs L, Emmerechts J, Hoylaerts MF, et al. Traffic air pollution
and oxidized LDL. PLoS One. 2011;6:¢16200.

Hoek G, Beelen R, de Hoogh K, et al. A review of land-use regression
models to assess spatial variation of outdoor air pollution. Atmos
Environ. 2008;42:7561-7578.

Park JW, Lim YH, Kyung SY, et al. Effects of ambient particulate
matter on peak expiratory flow rates and respiratory symptoms of
asthmatics during Asian dust periods in Korea. Respirology. 2005;
10:470-476.

Wong CM, Vichit-Vadakan N, Kan H, Qian Z, Teams PP. Public
Health and Air Pollution in Asia (PAPA): a multicity study of short-
term effects of air pollution on mortality. Environ Health Perspect.
2008;116:1195-1202.

Krasnov H, Katra I, Koutrakis P, Friger MD. Contribution of dust
storms to PM10 levels in an urban arid environment. | Air Waste
Manag Assoc. 2014;64:89-94.

Krasnov H, Katral, Novack V, Vodonos A, Friger MD. Increased
indoor PM concentrations controlled by atmospheric dust events
and urban factors. Build Environ. 2015;87:169-176.

Kloog I, Chudnovsky AA, Just AC, et al. A new hybrid spatio-tem-
poral model for estimating daily multi-year PM2.5 concentrations
across northeastern USA using high resolution aerosol optical depth
data. Atmos Environ. 2014;95:581-590.

Central Bureau of Statistics. Characterization and ranking of local
authorities according to the population’s socio economic level in
2008. Available at http://www.cbs.gov.il/webpub/pub/text_page.
html?publ=100&CYear=2008&CMonth=1.

American Diabetes Association. Diagnosis and classification of
diabetes mellitus. Diabetes Care. 2014;37(suppl 1):S81-590.
KloogI, M. Sorek-Hamer M, Lyapustin A, et al. Estimating daily
PM2.5 and PM10 across the complex geo-climate region of Israel
using MAIAC satellite-based AOD data. Atmos Environ. 2015;
122:409-416.

Lyapustin A, Wang Y, Laszlo I, et al. Multiangle implementation of
atmospheric correction (MAIAC): 2. aerosol algorithm. | Geophys
Res Atmos. 2011;116.

Yitshak Sade M, Kloog I, Liberty IF, Katra I, Novack L, Novack V.
Air pollution and serum glucose levels: a population-based study.
Medicine. 2015;94:1093.

O’Neill MS, Veves A, Zanobetti A, et al. Diabetes enhances vulner-
ability to particulate air pollution-associated impairment in vascular
reactivity and endothelial function. Circulation. 2005;111:2913-
2920.

Zanobetti A, Schwartz J. Cardiovascular damage by airborne par-
ticles: are diabetics more susceptible? Epidemiology. 2002;13:588—
592.

I'he Endocrine Society. Downloaded from press.endocrine.org by [Elham Faghihimani] on 11 July 2016. at 03:40 For persona use only. No other uses without permission. . All rights reserved.


mailto:victorno@clalit.org.il
http://www.cbs.gov.il/webpub/pub/text_page.html?publ=100%26CYear=2008%26CMonth=1
http://www.cbs.gov.il/webpub/pub/text_page.html?publ=100%26CYear=2008%26CMonth=1

doi:

33.

34.

35.

36.

37.

10.1210/jc.2016-1378

Rioux CL, Tucker KL, Brugge D, Gute DM, Mwamburi M. Traffic
exposure in a population with high prevalence type 2 diabetes—do
medications influence concentrations of C-reactive protein? Envi-
ron Pollut. 2011;159:2051-2060.

Rajagopalan S, Brook RD. Air pollution and type 2 diabetes: mech-
anistic insights. Diabetes. 2012;61:3037-3045.

Kiinzli N, Kaiser R, Medina S, et al. Public-health impact of outdoor
and traffic-related air pollution: a European assessment. Lancet.
2000;356:795-801.

Raaschou-Nielsen O, Serensen M, Ketzel M, et al. Long-term ex-
posure to traffic-related air pollution and diabetes-associated mor-
tality: a cohort study. Diabetologia. 2013;56:36-46.

Gerstein HC. Glucose: a continuous risk factor for cardiovascular
disease. Diabetic Med. 1997;14:525-S31.

RIGHTS LI N Kiy

I'he Endocrine Society. Downloaded from press.endocrine.org by [Elham Faghihimani] on 11 July 2016. at 03:40 For persona use only. No other uses without permission. . All rights reserved.

38.

39.

40.

41.

press.endocrine.org/journal/jcem 2467

Emerging Risk Factors Collaboration, Di Angelantonio E, Sarwar
N, et al. Major lipids, apolipoproteins, and risk of vascular disease.
JAMA. 2009;302:1993-2000.

Hu G, Cui Y, Jousilahti P, et al. Joint effect of high-density lipo-
protein cholesterol and low-density lipoprotein cholesterol on the
risk of coronary heart disease. Eur | Prev Cardiol. 2013;20:89-97.
Heart Protection Study Collaborative G. The effects of cholesterol
lowering with simvastatin on cause-specific mortality and on cancer
incidence in 20,536 high-risk people: a randomised placebo-con-
trolled trial ISRCTN48489393. BMC Med. 2005;3:6.

Block JP, Christakis NA, O’Malley AJ, Subramanian SV. Proximity
to food establishments and body mass index in the Framingham
Heart Study offspring cohort over 30 years. Am | Epidemiol. 2011;
174:1108-1114.



