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Longitudinal associations between ambient air pollution
and insulin sensitivity: results from the KORA cohort study

Siqi Zhang, Sarah Mwiberi, Regina Pickford, Susanne Breitner, Cornelia Huth, Wolfgang Koenig, Wolfgang Rathmann, Christian Herder,
Michael Roden, Josef Cyrys, Annette Peters, Kathrin Wolf*, Alexandra Schneider*

Summary

Background Impaired insulin sensitivity could be an intermediate step that links exposure to air pollution to the
development of type 2 diabetes. However, longitudinal associations of air pollution with insulin sensitivity remain
unclear. Our study investigated the associations of long-term air pollution exposure with the degree and rate of change
of insulin sensitivity.

Methods In this longitudinal study, we analysed data from the Cooperative Health Research in the Region of Augsburg
(KORA) cohort from Augsburg, Germany, which recruited participants aged 25-74 years in the survey between
1999 and 2001 (KORA S4), with two follow-up examinations in 2006-08 (KORA F4) and 2013-14 (KORA FF4). Serum
concentrations of fasting insulin and glucose, and homoeostasis model assessment of insulin resistance (HOMA-IR,
a surrogate measure of insulin sensitivity) and B-cell function (HOMA-B, a surrogate marker for fasting insulin
secretion) were assessed at up to three visits between 1999 and 2014. Annual average air pollutant concentrations at
the residence were estimated by land-use regression models. We examined the associations of air pollution with
repeatedly assessed biomarker levels using mixed-effects models, and we assessed the associations with the annual
rate of change in biomarkers using quantile regression models.

Findings Among 9620 observations from 4261 participants in the KORA cohort, we included 6008 (62 - 5%) observations
from 3297 (77-4%) participants in our analyses. Per IQR increment in annual average air pollutant concentrations,
HOMA-IR significantly increased by 2-5% (95% CI 0-3 to 4-7) for coarse particulate matter, by 3-1% (0-9 to 5-3)
for PM, ;, by 3:6% (1-0 to 6-3) for PM, ;. i and by 3:2% (0-6 to 5-8) for nitrogen dioxide, and borderline
significantly increased by 2-2% (-0-1 to 4-5) for ozone, whereas it did not significantly increase for the whole range
of ultrafine particles. Similar positive associations in slightly smaller magnitude were observed for HOMA-B and
fasting insulin levels. In addition, air pollutant concentrations were positively associated with the annual rate of
change in HOMA-IR, HOMA-B, and fasting insulin. Neither the level nor the rate of change of fasting glucose were
associated with air pollution exposure.

Interpretation Our study indicates that long-term air pollution exposure could contribute to the development of
insulin resistance, which is one of the key factors in the pathogenesis of type 2 diabetes.

Funding German Federal Ministry of Education and Research.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 4.0
license.

Introduction
Increasing prevalence of type 2 diabetes in the past
decades has contributed to a rising global burden of
mortality and disability." Besides traditional risk factors,
such as being overweight and having sedentary life-
styles, cumulative evidence is pointing to an association
between ambient air pollution and a higher risk for
type 2 diabetes.”” It was estimated that in 2016, around
3-2 million incident diabetes cases and more than
0-2 million deaths from diabetes worldwide were
attributable to exposure to PM, ;.°

Although the association is established, the underlying
mechanisms through which air pollution increases
the risk for type 2 diabetes remain unclear. Insulin
resistance is a key factor in the pathogenesis of type 2
diabetes.” Recent studies have shown that long-term
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air pollution exposure was associated with decreased
insulin sensitivity among the general population of adults
and youth,*™ patients with diabetes,” and individuals
prone to type 2 diabetes,*™ suggesting impaired insulin
sensitivity could be an important intermediate step linking
air pollution to the development of type 2 diabetes.
Although most existing evidence is from cross-sectional
studies, the longitudinal association between air pollution
and insulin sensitivity has not been fully investigated."**
In addition, decreasing insulin sensitivity over time has
been identified as a predictor of incident hyperglycaemia
and type 2 diabetes, independent of baseline metabolic
measures in prospective studies.™” However, the effects of
air pollution on the change of insulin sensitivity over time
have rarely been reported in population-based studies
to date. A cohort study" on Latino children who were
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Research in context

Evidence before this study

We searched PubMed and Google Scholar for studies on air
pollution and insulin sensitivity published before June 1, 2020,
using a combination of search terms concerning air pollution
(“air pollution” OR “air pollutant*” OR “particulate matter” OR
“PM" OR “ultrafine particles” OR “PNC" OR “soot” OR “black
carbon” OR “nitrogen dioxide” OR “NO,” OR “ozone” OR “0,")
and insulin sensitivity (“insulin resistance” OR “insulin
sensitivity” OR “insulin” OR “glucose” OR "HOMA-IR"). Studies
were selected if they were population-based cohort studies that
could potentially assess longitudinal associations, if they
assessed long-term air pollution exposure (exposure window
>1year), and if they had insulin sensitivity or resistance as the
outcome. We identified seven studies, and only one examined
longitudinal associations of air pollution with both the level
and the rate of change of insulin sensitivity-related biomarkers
among Latino children who were overweight or obese.

One study analysed repeated measurements of biomarkers and
assessed the association of air pollution with only the degree of
insulin sensitivity. The remaining five studies did cross-sectional
analyses on data collected at a single examination in cohorts,
including two studies of German children and adolescents,

one on German adults, one on Mexican Americans at high risk
for diabetes, and one on African-American and Latino youth in
Los Angeles who were overweight or obese. A meta-analysis
done in 2018, which included five of the aforementioned
studies, reported cross-sectional associations of insulin
sensitivity with particulate matter with an aerodynamic
diameter of 10 um and nitrogen dioxide, but not with PM, .

overweight or obese showed that long-term exposure to
elevated PM, ; and nitrogen dioxide (NO,) was associated
with a faster decrease in insulin sensitivity during a mean
follow-up of 3-4 years (SD 3-1). Such associations are yet
to be assessed in the general adult population.

In this study, we examined longitudinal associations of
air pollution with the repeatedly assessed homoeostasis
model assessment of insulin resistance (HOMA-IR), as a
surrogate marker of insulin sensitivity, and the homoeo-
stasis model assessment of f-cell function (HOMA-B),
as a surrogate marker of fasting insulin secretion, as well
as fasting insulin and glucose. We also investigated
whether air pollution was associated with a change in
those biomarkers over time, and we explored individual
characteristics potentially related to the susceptibility to
air pollution effects. We hypothesised that air pollution
would be positively associated with the level and the rate of
change of all investigated biomarkers, especially among
more susceptible subgroups, such as older adults.

Methods

Study design and participants

In this longitudinal study, we analysed data from the
Cooperative Health Research in the Region of Augsburg

Overall, little is known about the longitudinal association
between ambient air pollution and insulin sensitivity, especially
in the general adult population.

Added value of this study

To the best of our knowledge, this is the first epidemiological
study on the longitudinal association between ambient air
pollution and insulin sensitivity in the general adult population.
Our study found that long-term exposure to air pollution was
positively associated with the level and the rate of change of
the homoeostasis model assessment of insulin resistance and
fasting insulin, suggesting associations of air pollution with
impaired insulin sensitivity and a more pronounced
deterioration (or less pronounced improvement) of insulin
sensitivity over time. In addition, our study found similar
changes for the homoeostasis model assessment of 3-cell
function, in line with a compensatory increase in insulin
secretion. Participants who were older, male, unemployed,

had prediabetes or diabetes, or were physically inactive were
potentially more susceptible to the adverse air pollution effects
on insulin sensitivity.

Implications of all the available evidence

Together with the evidence from previous studies, our study
helps understand the mechanisms through which air pollution
might be associated with the development of type 2 diabetes.
Such findings imply an urgent need for air quality improvement
to mitigate the adverse health effects of air pollution. In addition,
reducing air pollution exposure could be considered as a
prevention strategy for type 2 diabetes at the population level.

(KORA) cohort, which was done in the city of Augsburg,
Germany, and two adjacent counties.” Between 1999
and 2001, 4261 participants aged 25-74 years with German
citizenship were recruited in the fourth cross-sectional
health survey of the KORA cohort (KORA S4), with
examinations between Oct 25, 1999, and April 28, 2001.
Two follow-up examinations were carried out: the first
follow-up, KORA F4, consisted of 3080 participants with
examinations between Oct 9, 2006, and May 31, 2008; and
the second follow-up, KORA FF4, consisted of 2279 par-
ticipants with examinations between June 3, 2013, and
Sept 27, 2014. Participants were invited to the KORA study
centre, Augsburg, Germany, and completed a computer-
assisted personal interview, a self-administered question-
naire, and physical examinations at each visit. Individual
characteristics relevant in the current study are defined in
the appendix (p 2).

The KORA study was approved by the ethics com-
mittee of the Bavarian Chamber of Physicians (Munich,
Germany); all participants gave written informed consent.

Procedures and outcomes

Blood samples were drawn between 0700 h and 1100 h
after fasting for at least 8 h for the measurements of
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fasting insulin and glucose concentrations. Blood
samples were kept on ice after withdrawal and
transported at 4°C to the laboratories for analysis (to
the German Diabetes Center laboratory, Diisseldorf, in
KORA $4, and to the central laboratory in Augsburg in
KORA F4 and KORA FF4). Detailed information about
the standard operating procedure, assays of serum
concentrations of fasting insulin and glucose, and the
comparability and calibration of different assays is in
the appendix (p 3). Fasting insulin and glucose in
KORA S4 were only measured in participants older than
54 years (n=1357). HOMA-IR was calculated as fasting
insulin (pIU/mL)xfasting glucose (mmol/L)/22-5.
HOMA-B was calculated as 20xfasting insulin
(pIU/mL)/ (fasting glucose [mmol/L]-3-5). A higher
HOMA-IR indicates reduced insulin sensitivity, and a
lower HOMA-B indicates decreased fasting insulin
secretion. For the validity of the assessment, we excluded
observations by the timepoint of which glucose-lowering
medication (Anatomical Therapeutic Chemical code
A10) had been used.

Annual average concentrations of ultrafine particles
(particles =100 nm in aerodynamic diameter, represented
by particle number concentration [PNC]), particulate
matter with an aerodynamic diameter of 2-5-10 pm
(PM..e), PM,,, PM, absorbance (PM,,,., a proxy of
elemental carbon related to traffic exhaust), NO,, and
ozone (O,) were estimated using land-use regression
(LUR) models. In brief, we carried out three 2-week
measurements at 20 locations within the KORA study
area between March 6, 2014, and April 7, 2015, covering
the warm, cold, and intermediate seasons, and we
calculated annual average air pollutant concentrations at
those sites. We built LUR models by regressing the
measured annual average concentrations in 2014-15
against geographic information system-based spatial
predictors, and we applied the fitted models to
participants’ home addresses to determine residential
exposure levels. The adjusted model-explained variance
(R?) ranged from 0-68 (PM_,.) to 0-94 (NO,), and the
adjusted leave-one-out cross-validation R2s were between
0-55 (PM,,..) and 0-89 (NO,), indicating good model fit.
Further information about this approach is given
elsewhere.” For participants who moved house during
the study period, the updated residential addresses were
used for exposure assignment; otherwise, the same
exposure levels were assigned across different visits.

To control for potential confounding effects of road
traffic noise and greenspace, we assigned annual average
day-night sound level and normalised difference vegeta-
tion index (NDVI) in a 300 m buffer (as a surrogate
for surrounding greenness) to participants’ residential
addresses. Assessments of noise and NDVI are in the
appendix (p 4).

The outcome variables were HOMA-IR, HOMA-B,
fasting insulin, and fasting glucose. Participant obser-
vations were excluded from analysis if the residential
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address was unavailable, there was no data on fasting
insulin and glucose, they were taking glucose-lowering
medication, the blood sample was drawn after 1100 h, or
there were missing values in the covariates of the main
model.

Statistical analysis

We applied linear mixed-effects models with random
intercepts for participants to examine associations of air
pollution with repeatedly assessed HOMA-IR, HOMA-B,
fasting insulin, and fasting glucose levels. All outcome
values were natural log-transformed to increase the con-
formity to normal distributions of residuals. Covariates
in models were selected a priori on the basis of the
disjunctive cause criterion,” the covariate being the cause
of either the exposure or the outcome, or both, but not in
the potential causal pathway linking exposure to the
outcome. Minimum models were adjusted for age, sex,
body-mass index (BMI), visits (KORA S4, KORA F4, or
KORA FF4), and the yearly season of blood withdrawal.
Main models additionally included educational attain-
ment, occupational status, smoking status and pack-years,
alcohol consumption, and physical activity. Extended
models were further controlled for waist-hip ratio, high-
density lipoprotein, and total cholesterol. To assess the
potential confounding effect of residential road traffic
noise and greenspace, we built a second extended model
by adding noise and NDVI to the main model. Annual
average air pollutant concentrations were included
separately in each model as a linear term. Effect estimates
are presented as percent changes with 95% Cls in the
geometric mean of the repeatedly assessed biomarker
per IQR increase in air pollutant concentrations. We
examined the linearity of the exposure-response
relationship using a penalised spline of the air pollutant
with degrees of freedom chosen by generalised cross
validation.

For participants with biomarkers measured at more
than one visit, we calculated the annual rate of change in
HOMA-IR, HOMA-B, fasting insulin, and fasting glucose
as the slope coefficient of a linear regression of bio-
marker levels regressed against years since baseline
(KORA S4 or KORA F4, whichever the first measurement
occurred in). Because the rate values were not normally
distributed and the log-transformation was not applicable
to negative values, we assessed associations between air
pollution and the annual rate of change in biomarkers
(original scale) using quantile regression models, which
do not make assumptions about the residual distribution
and are more robust to outliers in the outcome. To
reduce the selection bias introduced by the selection of
individuals with more than one measurement, we first
estimated the weight for the included participants using
the inverse probability weighting approach.” Specifically,
we modelled the probability of being included in the rate
of change analysis among all participants in KORA S4 via
logistic regression, using individual characteristics in the
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KORA S4 KORA F4 KORA FF4
examination examination examination
(n=1312)*t (n=2704)t (n=1992)t
HOMA-IR 37 (51); 26 (2:1); 27 (2:2);
median 2.5 median 2-0 median 2-1
HOMA-B 137-8 (202:9); 1200 (66-4); 109-6 (62-1);
median 99-0 median 104-9 median 95-1
Fasting insulin, plU/mL 14-1(19-5); 106 (7-2); 10-6 (6-9);
median 10-1 median 8-7 median 8-9
Fasting glucose, mg/dL 102-4 (17-2); 95-8 (14-3); 98.9 (14-0);
median 99-0 median 93-0 median 97-0
Age, years 639 (5:5) 55-2(12:9) 59-6 (12-3)
Sex
Female 635 (48%) 1407 (52%) 1041 (52%)
Male 677 (52%) 1297 (48%) 951 (48%)
Body-mass index (kg/m?) 28:4(42) 27-4 (4-6) 275 (4-9)
Occupation (employed) 313 (24%) 1581 (58%) 1165 (58%)
Education (high) 1049 (80%) 2492 (92%) 1867 (94%)
Smoking pack-years 142 (231) 11.9 (18-8) 11-4 (18-:0)
Smoking status
Current smoker 183 (14%) 505 (19%) 320 (16%)
Former smoker 493 (38%) 1037 (38%) 803 (40%)
Never 636 (48%) 1162 (43%) 869 (44%)
Alcohol consumption
No 338 (26%) 790 (29%) 526 (26%)
Moderate 702 (54%) 1430 (53%) 1093 (55%)
High 272 (21%) 484 (18%) 373 (19%)
Physical activity
Low 534 (41%) 830 (31%) 529 (27%)
Medium 540 (41%) 1191 (44%) 931 (47%)
High 238 (18%) 683 (25%) 532 (27%)
Diabetes statust
Normal glucose tolerance 596 (46%) 1690 (64%) 1045 (54%)
Prediabetes 588 (45%) 812 (31%) 751 (39%)
Diabetes 124 (9%) 156 (6%) 137 (7%)
Waist-hip ratio} 0-90 (0-08) 0-88 (0:09) 0-90 (0-09)
Cholesterol, mg/dL$ 243-3(41-8) 217-1(39-4) 217-9 (39-2)
HDL, mg/dL$ 583 (16-4) 562 (14-4) 663 (18-8)
Data are mean (SD) or n (%), unless otherwise indicated. KORA=Cooperative Health Research in the Region of
Augsburg. S4=fourth cross-sectional health survey of the KORA cohort. F4=first follow-up examination of KORA S4.
FF4=second follow-up examination of KORA S4. HOMA-IR=homeostasis model assessment of insulin
resistance. HOMA-B=homeostasis model assessment of B-cell function. HDL=high-density lipoproteins. *Participants
in KORA S4 were restricted to individuals older than 54 years. tMedians of some outcomes were reported due to their
skewed distributions. Diabetes status was missing for four (<0-5%) participants in in KORA S4, 46 (2%) in KORA F4,
and 59 (3%) in KORA FF4; waist-hip ratio was missing for one (<0-5%) participant in KORA FF4; cholesterol was
missing for one (<0-5%) participant in KORA S4; and HDL was missing for two (<0-5%) participants in KORA S4.
Table 1: Descriptive statistics of participant characteristics at each examination

main mixed-effects model as predictors. The inverse of
the predicted probability derived from the regression
model was used as the weight in the quantile regression
model, aiming to up-weight participants who were
under-represented in the rate of change analysis. The
quantile regression model was adjusted for baseline
covariates including age, sex, BMI, educational attain-
ment, occupational status, smoking status and pack-
years, alcohol consumption, physical activity, and
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baseline levels of the investigated biomarker, as well as
annual rates of change in BMI and smoking pack-years,
and an indicator for the visits used in the calculation of
the rate of change. Results are presented as absolute
changes (with 95% Cls) in the annual rate of change at
deciles of the distribution of rate values per IQR increase
in air pollutant concentrations.

Effect modification was investigated by including an
interaction term between the air pollutant and the
potential effect modifier, which was assessed at each
visit for the mixed-effects models and at the first visit for
the quantile regression models. The examined modifiers
included age (<60 years vs =60 years), sex (male vs
female), educational attainment (high vs low), occupa-
tional status (employed vs not employed), smoking
status (current vs former smoker or never), physical
activity (low vs medium or high), obesity (BMI <30 kg/m?
vs 230 kg/m?), and diabetes status (normal glucose
tolerance vs prediabetes or diabetes).

In sensitivity analyses, we first built two-pollutant
models by simultaneously including two pollutants
that were not strongly correlated (r <0-7). Second, we
excluded observations with fasting insulin higher than
the 90th percentile in KORA S4, to generate a similar
distribution across the three visits. Third, we excluded
participants who moved during the study period to
reduce exposure misclassification. Fourth, we excluded
observations without a documented time of blood
withdrawal. Moreover, we did the following sensitivity
analyses for only the repeated measurements (mixed-
effects model). We excluded outliers in outcomes
defined as natural log-transformed values less than
Q1-1-5xIQR or more than Q3+1-5xIQR (appendix
p 11). Additionally, we adjusted for fasting insulin or
fasting glucose in models of HOMA-IR and HOMA-B,
and we used back-extrapolated annual average air
pollutant concentrations in the year of each visit
instead of the LUR-estimated annual average in 2014-15,
which further took into account the temporal variation
in exposure. A detailed description of the back-extra-
polation approach is in the appendix (pp 4-5). For the
annual rate of change analysis, we fitted models without
control for the annual rate of change in BMI and
smoking pack-years to examine the effect of time-
varying adjustment, and models with control for road
traffic noise and NDVI.

All statistical analyses were done with R (version 3.6.2),
and the significance level was set at two-sided p value of
less than 0-05.

Role of the funding source

The funder of the study had no role in study design,
data collection, data analysis, or data interpretation, the
writing of the report, or the decision to submit the paper
for publication. All authors had full access to all the data
in the study, and the corresponding author had final
responsibility for the decision to submit for publication.

www.thelancet.com/planetary-health Vol 5 January 2021



Articles

Results

Among 9620 observations from 4261 participants in the
KORA cohort, we included 6008 (62-5%) observations
from 3297 (77-4%) participants in our analyses. The
exclusion process is detailed in the appendix (p 12).
Altogether, 466 (14-1%) of 3297 participants completed all
three examinations, 1776 (53-9%) completed two, and the
remaining 1055 (32-0%) completed one examination,
giving a total of 1312 participants in KORA S4, 2704 in
KORA F4, and 1992 in KORA FF4. In general, the dis-
tributions of fasting insulin and glucose concentrations
were similar across KORA S4, KORA F4, and KORA FF4
among participants of the same age range, except that
the 90th percentile of fasting insulin in KORA S4 was
higher than that in KORA F4 and KORA FF4. In addition,
these concentration distributions did not show substantial
diurnal variations between 0700 h and 1100 h (appendix
p 10).

Due to the age restriction in KORA S4 (fasting insulin
and glucose were only measured in participants aged
>54 years), only 1366 (32-1%) of 4261 participants con-
tributed data on HOMA-IR, HOMA-B, fasting insulin,
and fasting glucose, and thus, KORA S4 participants
were on average older and had higher mean concen-
trations of these biomarkers than KORA F4 and
KORA FF4 participants (table 1). We observed moderate
to strong positive correlations between these biomarkers,
except for a weak negative correlation between HOMA-B
and fasting glucose (appendix p 13). Compared with
all KORA participants, participants included in the
analysis of repeated measurements had generally similar
characteristics, whereas participants in the rate of
change analysis had lower BMI and smoke exposure, and
higher educational attainment, alcohol consumption,
and physical activity at recruitment (appendix p 6).

The annual rate of change in HOMA-IR ranged
from —6-20 to 3-96 units per year, with a median of
0-03 (IQR -0-05 to 0-12) units per year (appendix p 7).
Participants with increasing HOMA-IR (n=1336) were
more likely to have normal glucose tolerance and
lower HOMA-IR, HOMA-B, fasting insulin, and fasting
glucose at the first visit than were participants with
unchanged (n=12) or decreasing (n=894) HOMA-IR over
time; this pattern was reversed for the last visit (appendix
p 8). Although BMI was similar between the two sub-
groups with increasing or unchanged and decreasing
HOMA:-IR at the first visit, it tended to be higher among
participants with increasing HOMA-IR at the last visit.

Annual average concentrations of PM,; and NO, at
participants’ residences were well below the EU air
quality standards values of 25 pg/m3 for PM,, and
40 pg/m3 for NO,, although the PM, ; level exceeded the
WHO guideline value of 10 pg/m3 (table 2). Correlations
between air pollutants were moderate to strong, except
for weak correlations with O, (appendix p 13).

Concerning repeated measurements of biomarkers,
elevated PM PM,,, PM,.,., NO,, and, to a lesser

coarse?
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Mean (SD) Range Median (IQR)
PNC, x10°/cm? 7:3(1-8) 3.2-15.7 -3(6-2-8-2)
PM s PG/M’ 50 (1.0) 2:5-92 0(43-57)
PM,, pg/m? 11-8 (1-0) 8-3-14-8 11-9 (11-1-12-5)
PM, .., 10°/m 2(0-2) 0-8-1.9 2(11-1-4)
NO,, pg/m’ 14-4.(4-5) 6-9-282  14.0(10-8-17-9)
0, pg/m’ 390 (2:4) 313-462  39:0(37:2-407)
Road traffic noise, dB  54-8 (6-6) 22-3-75-4 53.9 (50-6-58:6)
NDVI 1(0-1) 0-0-0-3 -1(0-0-0-1)

Exposure levels were estimated at participants’ residences in KORA S4 in this
descriptive analysis. For 19 participants whose residential information was missing
in the KORA S4 survey, residential addresses in KORA F4 were used.
NDVI=normalised difference vegetation index. NO,=nitrogen dioxide. O,=ozone.
PM,,..=particulate matter with an aerodynamic diameter of 2-5-10 pm.
PM,,..=PM, ; absorbance. PNC=particle number concentration. KORA=Cooperative
Health Research in the Region of Augsburg. S4=fourth cross-sectional health
survey of the KORA cohort. F4=first follow-up examination of KORA S4.

Table 2: Distribution of annual average air pollutant concentrations,
road traffic noise, and NDVI at residences (n=3297)

1-4 pg/m?® for PM,

function. PNC=particle number concentration. PM

coarse’

HOMA-IR HOMA-B Fasting insulin Fasting glucose

PNC 7 (-1:0t0 2-4) 0-8 (-0-8t02-4) 7 (-0-8t02:3) -01( 0-4100-3)
PNC (linear)* -1(0-2t0 4-0) -3(0-5t0 4-1) -1(0-4t0 3-9) -0 (-0-5t0 0-4)
PM,. 2:5(0-3t0 4-7) -0 (-0-1to 4-0) -4 (0-4t0 4-4) -1(-0-4t0 0-6)
PM, 31(0-9t05-3) 7(0-6t0 4-7) -0 (1:0t0 5:0) -1 (-0-4t0 0-6)
PM, ... -6 (1:0t0 6-3) 7(02t05-2) -4(1:0t05:9) -2 (-0-4t0 0-8)
NO, -2 (0-6t05-8) -5 (0-1t0 4-9) 1 (0710 5-4) -2 (-0-4t0 07)
0, 2 (-0-1t0 4-5) 0(-11t03-2) 1.9 (-0-2t0 4-0) -3 (-0-3t0 0-8)

Mixed-effects models for repeated measurements of biomarkers were adjusted for age, sex, BMI, visits, season,
educational attainment, occupational status, smoking status and pack-years, alcohol consumption, and physical activity.
Outcome variables were natural log-transformed in analyses, and the effect estimates are presented as the percentage
changes in the geometric mean of repeatedly assessed biomarkers. The geometric mean was 2-2 for HOMA-IR, 1023 for
HOMA-B, 9-4 plU/mL for fasting insulin, and 97-3 mg/dL for fasting glucose. An IQR increase was 20 x 10°/cm? for PNC,
1-4 pg/m?® for PM,;, 0-3x10°°/m for PM, ,,,,, 7-1 pg/m?® for NO,, and 3-5 pg/m* for O,.
HOMA-IR=homeostasis model assessment of insulin resistance. HOMA-B=homeostasis model assessment of B-cell
=particulate matter with an aerodynamic diameter of 2.5-10 um.
PM,...=PM, absorbance. NO,=nitrogen dioxide. O,=0zone. *Exposure-response relationships between the whole range
of PNCand repeated measurements of HOMA-IR, HOMA-B, and fasting insulin were not linear. We restricted the analyses
to PNC <127 x10%/cm? (cutoff values suggested by the exposure-response curve; n=5927) to assess the linear
relationship. The association between PNC and fasting glucose was also investigated in the reduced PNC range.

increase in air pollutant concentrations

Table 3: Percentage changes (95% Cls) in the repeated measurements (n=6008) of biomarkers per IQR

extent, O,, were linearly associated with increases in
HOMA-IR, HOMA-B, and fasting insulin (table 3). We
did not find associations between air pollution and
fasting glucose. The results were robust to the adjustment
for additional covariates in the extended models; only
PM, .. and NO, effects on HOMA-IR and fasting insulin
slightly increased with further control for noise and
NDVI (appendix p 14). Exposure-response relationships
did not substantially deviate from linearity except for
PNC with HOMA-IR, HOMA-B, and fasting insulin
(appendix p 15). When restricting our analyses to the
linear section of the relationship (PNC <12-7x103/cm3),
we observed positive associations of PNC with HOMA-IR,
HOMA-B, and fasting insulin.
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Figure 1: Absolute changes (95% Cls) in the annual rate of change in HOMA-IR at deciles of the distribution per IQR increase in air pollutant concentrations
Quantile regression models for the annual rate of change were adjusted for baseline levels of the investigated biomarker, age (baseline), sex, BMI (baseline),

annual rate of change in BMI, educational attainment (baseline), occupational status (baseline), smoking status and pack-years (baseline), annual rate of change in
smoking pack-years, physical activity (baseline), and an indicator for the visits used in the calculation of the rate of change. Area on the left side of the dashed line
indicates increasing insulin sensitivity over years (annual rate of change below zero); area on the right side of the dashed line indicates decreasing insulin sensitivity
over years (annual rate of change above zero). Values (ie, 0-1-0-9) above the error bars indicate deciles of the distribution of the annual rate of change. An IQR increase

was 2-0 x10°/cm? for PNC, 1-4 pg/m’ for PM, ..,
assessment of insulin resistance. PNC=particle number concentration. PM,
NO,=nitrogen dioxide. O,=0zone.

coarse’

The annual rate of change in HOMA-IR was positively
associated with PNC, PM,.,, and NO, at the 10th to
70th percentiles of the rate value distribution (ie, rate of
change <0-10 units per year), with PM_, . at all deciles,
with PM, ; at lower percentiles, and with O, at higher
percentiles (figure 1; appendix p 9). Positive associations at
rate values above zero (ie, the 40th to 90th percentiles)
indicate air pollution-related greater decline in insulin
sensitivity over time, whereas positive associations at rate

1-4 pg/m?® for PM, ,, 0-3x10°°/m for PM,,, 71 pg/m’ for NO,, and 3:5 pg/m? for O,. HOMA-IR=homeostasis model
=particulate matter with an aerodynamic diameter of 2:5-10 pm. PM, ;. =PM, ; absorbance.

values below zero indicate that air pollution attenuated
improvement in insulin sensitivity. Particles and NO, were
positively associated with the annual rate of change in
HOMA-B and fasting insulin, with exceptions at the lowest
or highestend, or both, for PM, ,, PM, ,,, and NO, (figure 2;
appendix pp 9, 16). Associations of O, with HOMA-B and
fasting insulin were similar to those with HOMA-IR. No
consistent associations were observed for the annual rate of
change in fasting glucose (appendix pp 9, 17).
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Figure 2: Absolute changes (95% Cls) in the annual rate of change in HOMA-B at deciles of the distribution per IQR increase in air pollutant concentrations

Quantile regression models for the annual rate of change were adjusted for baseline levels of the investigated biomarker, age (baseline), sex, BMI (baseline), annual
rate of change in BMI, educational attainment (baseline), occupational status (baseline), smoking status and pack-years (baseline), annual rate of change in smoking
pack-years, physical activity (baseline), and an indicator for the visits used in the calculation of the rate of change. Area on the left side of the dashed line indicates
decreasing insulin secretion over years (annual rate of change below zero); area on the right side of the dashed line indicates increasing insulin secretion over years

(annual rate of change above zero). Values (ie, 0-1-0-9) above the error bars indicate deciles of the distribution of the annual rate of change. An IQR increase was

2.0x10°/cm? for PNC, 1-4 pg/m? for PM,,,..., 1-4 ug/m? for PM, ,
assessment of B-cell function. PNC=particle number concentration. PM
NO,=nitrogen dioxide. O,=ozone.

coarse

The associations of particles and NO, with repeated
measurements of HOMA-IR, HOMA-B, and fasting
insulin were significantly stronger among participants
who were older than 60 years, male, or not employed,
and suggestively stronger among physically inactive
individuals (appendix pp 18-19). Males also showed
higher susceptibility to air pollution effects on fasting
glucose. For the annual rate of change, we observed
stronger associations of particles and NO, with
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0-3x10°°/m for PM,,,, 7-1 ug/m?’ for NO,, and 3.5 pg/m?’ for O,. HOMA-B=homeostasis model
=particulate matter with an aerodynamic diameter of 2-5-10 pm. PM,,.=PM, absorbance.

HOMA-IR, fasting insulin, and fasting glucose (rate
values above zero) among older adults, and with
HOMA-IR, HOMA-B, and fasting insulin among males
and participants with prediabetes or diabetes (examples
in the appendix pp 20-21). No effect modification was
found for other potential modifiers (data not shown).

In terms of sensitivity analysis, the associations of
particles and NO, with repeated measurements of
biomarkers were robust to additional adjustment for O,,
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and vice versa (appendix p 22). Adjustment for PM,
attenuated the effect estimates of other particles, and
the effect estimates of PM,  slightly decreased after
including PM_,.. and PM,, . For the annual rate of
change, the effect estimates of PM, were attenuated
by adjustment for PNC, PM_, .., and PM, .. The other
associations remained stable in two-pollutant models
(appendix pp 23-26).

Associations between air pollution and biomarkers
were generally robust in sensitivity analyses (appendix
pp 27, 29-32). However, air pollution effects on repeated
measurements of HOMA-IR and HOMA-B substantially
decreased when controlled for fasting insulin (appendix
p 28). Additionally, further adjustment for road traffic
noise and NDVI increased the effects of air pollution
on the annual rate of change in HOMA-IR, fasting
insulin, and fasting glucose. Excluding observations
with fasting insulin in KORA S4 that were higher than
the 90th percentile attenuated effects on the annual rate
of change in fasting insulin at specific percentiles.

Discussion

In this longitudinal study with biomarkers measured up
to three times, participants exposed to elevated particulate
matter, NO,, and O, had higher levels of HOMA-IR,
HOMA-B, and fasting insulin. Moreover, we observed
positive associations between air pollution and the
annual rate of change in HOMA-IR, HOMA-B, and
fasting insulin over time. No significant associations
were found between air pollution and fasting glucose in
the whole study population. Participants who were older
than 60 years, male, not employed, physically inactive,
or who had prediabetes or diabetes were potentially
more susceptible to the effects of air pollution on the
investigated biomarkers.

Insulin resistance is characterised by a lower response
of tissues to insulin stimulation and is usually measured
as impaired insulin-stimulated skeletal muscle glucose
uptake and glycogen synthase activity.” It has an important
role in the development of type 2 diabetes and is also
associated with higher incident cardiovascular disease.”
Our finding of positive associations between air pollution
and HOMA-IR and fasting insulin levels suggest an air
pollution-related decrease in insulin sensitivity. Consistent
findings were reported in our previous cross-sectional
analyses” on data from KORA F4, as well as among
children and adolescents in two German birth cohorts®
and a US childhood obesity study,” and among Mexican-
American adults with higher risks of type 2 diabetes.”
However, other long-term exposure studies did not find
significant associations between air pollution and insulin
sensitivity, including the Framingham Heart Study” and
the Meta-AIR study.” The mixed results could be partly
due to different population susceptibility. Studies have
shown that children are more susceptible to adverse
health effects of air pollution because of their higher
minute ventilation, higher levels of physical activity, and

dynamic developmental physiology.” Individuals with
higher genetic risk of type 2 diabetes were also shown to
be more susceptible to the effects of particulate matter
on diabetes.* Moreover, effects on insulin sensitivity could
vary across different air pollutants; for example, stronger
effects have been observed for traffic-related exposure
metrics than for PM, ..

In addition, we observed positive associations of air
pollution with the annual rate of change in HOMA-IR
and fasting insulin, suggesting a faster deterioration of
insulin sensitivity related to air pollution exposure. In
the subgroup with increasing insulin sensitivity over
time (annual rate of change below zero), which might be
attributable to beneficial lifestyle changes, weight loss, or
both, such positive associations indicate that elevated
air pollution exposure could slow down the process of
improvement. So far, air pollution effects on the
change in insulin sensitivity were assessed only among
314 Latino children (8-15 years) in Los Angeles who were
overweight or obese, showing that long-term exposure
to PM,, and NO, was associated with an increased
decline in insulin sensitivity.* Our study replicated these
findings among the general adult population, and further
provided evidence for the heterogeneity of air pollutant
effects across different degrees of change in insulin
sensitivity.

Our study did not find associations between air
pollution and fasting glucose, and the air pollution
effects on HOMA-IR were attenuated only by further
adjustment for fasting insulin. These findings indicate
that the positive associations between air pollution and
HOMA-IR are mainly driven by the air pollution-related
increase in fasting insulin rather than fasting glucose.
This conclusion is supported by the theory that impaired
insulin sensitivity might first lead to an increase in
insulin secretion to compensate for reduced insulin
signalling and maintain normal glucose tolerance.”
Therefore, our positive associations between air pollution
and HOMA-B indicate increased fasting B-cell insulin
secretion in response to impaired insulin sensitivity,
rather than improved B-cell function.

Several mechanisms have been proposed whereby air
pollution could potentially affect insulin sensitivity. For
example, air pollution exposure has been shown to
increase systemic levels of pro-inflammatory cytokines,
such as tumour necrosis factor-a and interleukin-1.
These cytokines could contribute to the development of
insulin resistance by activating c-Jun N-terminal kinase,
which inhibits insulin signalling through serine
phosphorylation of insulin receptor substrate proteins.”
In addition, PM,, exposure was shown to induce
pulmonary oxidative stress, thereby decreasing AKT
and endothelial nitric oxide synthase phosphorylation,
and impairing insulin signalling via the PI3-kinase—
AKT pathway.”* Moreover, air pollution-mediated over-
activity of the sympathetic nervous system could further
exacerbate insulin resistance.”
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Our study identified subgroups with stronger responses
to the effect of air pollution on insulin sensitivity.
Such predisposition is determined by both intrinsic and
external factors. The greater susceptibility of older adults
has been frequently reported, which could be explained
by declines in physiological processes (eg, reduced
clearance of particulate matter) and a higher prevalence
of pre-existing diseases that might confer increased risks
for adverse health effects.”? The sex-related difference in
the effects of air pollution is potentially associated with
sex-specific biological, social, or behavioural traits that
could affect the deposition rate of pollutants and exposure
patterns. Given the currently mixed evidence regarding
effect modification by sex,” further investigation is
needed to elucidate possible mechanisms. Stronger
associations in participants with prediabetes or diabetes
could be related to their chronic inflammatory state,*
which might enhance the inflammatory response to air
pollution.”* Additionally, these participants might have
a higher genetic risk of type 2 diabetes and thus be
more susceptible to air pollution effects than individuals
without diabetes.* The interpretation of effect modifica-
tion should also consider the potential non-differential
exposure misclassification, which has been proved to
underestimate the effects of air pollution assessed at a
residence. In our study, employed participants who
commuted to their workplaces had a greater risk of
exposure misclassification than participants who were
not employed and were likely to spend more time around
their residences, and thus smaller effect estimates were
expected in employed individuals.

Our study used HOMA-IR rather than direct measures
of insulin sensitivity, such as the glucose clamp technique
and the minimal model assessment, in consideration of
convenience and cost savings. Of note, HOMA-IR reflects
fasting-state insulin sensitivity, whereas the dynamic
tests reflect post-prandial insulin stimulated conditions.
The limitations of HOMA-IR have been previously
documented. For instance, Bergman and colleagues®
reported that HOMA-IR did not measure the same
genetic contribution to insulin resistance as is reflected
in minimal model-based insulin sensitivity, but that
it captured more in terms of environmental factors.
Furthermore, differences related to ethnicity and sex
have been found in the ability of HOMA-IR to predict
insulin sensitivity.” However, several studies have shown
a strong correlation between HOMA-IR and insulin
sensitivity as determined by the glucose clamp in various
populations (r=—0-82; p<0-0001 in one study;® r=—0-71;
p<0-01 in another;” and R=0-88; p<0-0001 in a third
study”). HOMA-IR has also been recently validated
against the hyperinsulinaemic clamp in a German cohort
and both tests identified groups of diabetes clusters.”
In sum, HOMA-IR has developed as a reliable and
practical measure of insulin sensitivity in comparable
cohorts. In addition, it should be noted that HOMA-B
only assesses fasting insulin secretion, and data for
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dynamic measures of insulin secretion, such as the
insulinogenic index, were not available in our study.

The KORA cohort is a well characterised study with a
standardised and comprehensive collection of individual
information, which enhanced the reliability of our
results. The longitudinal study design with repeated
measurements of biomarkers strengthened statistical
power and reduced potential residual confounding from
unmeasured factors. In addition, the design enabled
examination of the change of insulin sensitivity over
time, which provided a better understanding of the
longitudinal air pollution effects on the development of
type 2 diabetes. Furthermore, the residential air pollutant
concentrations, which were estimated using well defined
LUR models, captured the spatial variation in exposure
and enabled us to draw conclusions from consistent
patterns across various air pollutants, reducing the risk
of chance findings. The finding of associations between
PNC and insulin sensitivity provide evidence for the
adverse long-term health effect of ultrafine particles,
which has been understudied so far.

One limitation of our study is that the air pollutant
concentrations were estimated using spatial models
for 2014-15. Although we believe that these exposure
estimates are valid for the historical spatial contrasts,
because previous studies have shown that the spatial
variation in exposure remained stable over time,” we did
not take into account the temporal variation in exposure.
By applying back-extrapolated air pollution concentra-
tions, we assessed the potential effect of temporal
variation, and the robust results validated our exposure
assessment approach. Second, we assigned air pollution
concentrations to residential addresses and did not allow
for the mobility of participants. This non-differential
exposure misclassification might have biased the effect
estimates towards the null. Third, we did not adjust for
time-varying covariates other than BMI and smoking
pack-years in the rate of change analysis, which might
have resulted in residual confounding. Additionally,
there could also be residual confounding by unmeasured
factors.

In conclusion, our study suggests that long-term
exposure to elevated air pollution was associated with
decreased insulin sensitivity and a more pronounced
deterioration (or less pronounced improvement) of
insulin sensitivity over time, with compensatory increased
insulin secretion. These findings support one underlying
mechanism of the effects of air pollution on the develop-
ment of type 2 diabetes in the general adult population.
From a public health perspective, our study indicates that
it would be beneficial to reduce air pollution exposure, in
addition to making lifestyle interventions, to mitigate the
health burden of type 2 diabetes.

Contributors
SZ and SM did the data analyses and wrote the manuscript. SZ, CHu,

WR, CHe, AP, KW, and AS, have verified the underlying data. RP, SB,
AP, KW, and AS were involved in the study design, results

e47



Articles

e48

interpretation, and review of the manuscript. AP provided oversight on
the KORA study design. CHu, WK, WR, CHe, and MR were involved in
the acquisition of the KORA data and reviewed the manuscript. JC and
KW were involved in the measurement and modelling of the air
pollution data. All authors read and approved the final manuscript.

Declaration of interests
We declare no competing interests.

Data sharing

Data collected for the study, including de-identified individual
participant data and a data dictionary defining each field in the set, are
available on reasonable request. Study protocol and statistical analysis
plan will be available on reasonable request. These data will be available
with publication from the corresponding author (siqi.zhang@helmholtz-
muenchen.de). Data will be shared by the following access criteria:

with investigator support; after approval of a scientific research proposal;
and with a signed data access agreement.

Acknowledgments

The KORA Study was initiated and supported by the Helmholtz Centre
Munich-German Research Centre for Environmental Health, which is
funded by the German Federal Ministry of Education and Research and
the state of Bavaria. Furthermore, KORA research was supported within
the Munich Centre of Health Sciences, Ludwig-Maximilians University,
as part of LM Uinnovativ. The German Diabetes Centre is supported by the
Ministry of Culture and Science of the state of North Rhine-Westphalia
(Diisseldorf, Germany) and the German Federal Ministry of Health
(Berlin, Germany). This study was supported in part by the German
Federal Ministry of Education and Research to the German Centre for
Diabetes Research (DZD). We would like to thank the late Thomas Kusch
and Uwe Hartz (Institute for Epidemiology, Helmholtz Centre Munich,
Neuherberg, Germany) for collecting the exposure data, and Kees
Meliefste from the Institute for Risk Assessment Sciences (Utrecht,
Netherlands) for help in the preparation, transportation, and analysis of
the passive samplers and particulate matter filters. We also thank the
Bavarian Environment Agency for air pollutant data used for validation
purposes. We gratefully acknowledge the Bavarian Environment Agency,
several institutions, companies, kindergartens, schools, and private
persons for the possibility to conduct the measurements at their
premises.

References

1 Vos T, Lim SS, Abbafati C, et al. Global burden of 369 diseases and
injuries in 204 countries and territories, 1990-2019: a systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020;
396: 1204-22.

2 Andersen Z], Raaschou-Nielsen O, Ketzel M, et al. Diabetes
incidence and long-term exposure to air pollution: a cohort study.
Diabetes Care 2012; 35: 92-98.

3 Peters A. Epidemiology: air pollution and mortality from diabetes
mellitus. Nat Rev Endocrinol 2012; 8: 706-07.

4 Pearson JF, Bachireddy C, Shyamprasad S, Goldfine AB,
Brownstein JS. Association between fine particulate matter and
diabetes prevalence in the US. Diabetes Care 2010; 33: 2196-201.

5  Krimer U, Herder C, Sugiri D, et al. Traffic-related air pollution and
incident type 2 diabetes: results from the SALIA cohort study.
Environ Health Perspect 2010; 118: 1273-79.

6 Bowe B, Xie Y, Li T, Yan Y, Xian H, Al-Aly Z. The 2016 global and
national burden of diabetes mellitus attributable to PM, , air
pollution. Lancet Planet Health 2018; 2: e301-12.

7 Muoio DM, Newgard CB. Mechanisms of disease: molecular and
metabolic mechanisms of insulin resistance and B-cell failure in
type 2 diabetes. Nat Rev Mol Cell Biol 2008; 9: 193-205.

8  Thiering E, Markevych I, Briiske I, et al. Associations of residential
long-term air pollution exposures and satellite-derived greenness with
insulin resistance in German adolescents. Environ Health Perspect
2016; 124: 1291-98.

9  Thiering E, Cyrys |, Kratzsch J, et al. Long-term exposure to traffic-
related air pollution and insulin resistance in children: results from
the GINIplus and LISAplus birth cohorts. Diabetologia 2013;

56: 1696-704.

10 Wolf K, Popp A, Schneider A, et al. Association between long-term
exposure to air pollution and biomarkers related to insulin resistance,
subclinical inflammation, and adipokines. Diabetes 2016; 65: 3314-26.

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Khafaie MA, Salvi SS, Ojha A, Khafaie B, Gore SD, Yajnik CS.
Particulate matter and markers of glycemic control and insulin
resistance in type 2 diabetic patients: result from Wellcome Trust
Genetic study. J Expo Sci Environ Epidemiol 2018; 28: 328-36.
Toledo-Corral CM, Alderete TL, Habre R, et al. Effects of air
pollution exposure on glucose metabolism in Los Angeles minority
children. Pediatr Obes 2018; 13: 54—62.

Chen Z, Salam MT, Toledo-Corral C, et al. Ambient air pollutants
have adverse effects on insulin and glucose homeostasis in Mexican
Americans. Diabetes Care 2016; 39: 547-54.

Alderete TL, Habre R, Toledo-Corral CM, et al. Longitudinal
associations between ambient air pollution with insulin sensitivity,
B-cell function, and adiposity in Los Angeles Latino children.
Diabetes 2017; 66: 1789-96.

Li W, Dorans KS, Wilker EH, et al. Ambient air pollution,
adipokines, and glucose homeostasis: the Framingham Heart
Study. Environ Int 2018; 111: 14-22.

Walker M, Mari A, Jayapaul MK, Bennett SM, Ferrannini E.
Impaired beta cell glucose sensitivity and whole-body insulin
sensitivity as predictors of hyperglycaemia in non-diabetic subjects.
Diabetologia 2005; 48: 2470-76.

Lyssenko V, Almgren P, Anevski D, et al. Predictors of and
longitudinal changes in insulin sensitivity and secretion preceding
onset of type 2 diabetes. Diabetes 2005; 54: 166—74.

Holle R, Happich M, Léwel H, Wichmann HE. KORA—a research
platform for population based health research. Gesundheitswesen
2005; 67(suppl 1): S19-25.

Wolf K, Cyrys J, Harcinikova T, et al. Land use regression modeling
of ultrafine particles, ozone, nitrogen oxides and markers of
particulate matter pollution in Augsburg, Germany.

Sci Total Environ 2017; 579: 1531-40.

VanderWeele TJ, Shpitser I. A new criterion for confounder
selection. Biometrics 2011; 67: 1406-13.

Weuve J, Tchetgen Tchetgen EJ, Glymour MM, et al. Accounting for
bias due to selective attrition: the example of smoking and cognitive
decline. Epidemiology 2012; 23: 119-28.

Ormazabal V, Nair S, Elfeky O, Aguayo C, Salomon C, Zufiiga FA.
Association between insulin resistance and the development of
cardiovascular disease. Cardiovasc Diabetol 2018; 17: 122.

Gast KB, Tjeerdema N, Stijnen T, Smit JW, Dekkers OM.

Insulin resistance and risk of incident cardiovascular events in
adults without diabetes: meta-analysis. PLoS One 2012; 7: €52036.
Kim JS, Chen Z, Alderete TL, et al. Associations of air pollution,
obesity and cardiometabolic health in young adults: the Meta-AIR
study. Environ Int 2019; 133: 105180.

Sly PD, Flack F. Susceptibility of children to environmental
pollutants. Ann N'Y Acad Sci 2008; 1140: 163-83.

Eze IC, Imboden M, Kumar A, et al. Air pollution and diabetes
association: modification by type 2 diabetes genetic risk score.
Environ Int 2016; 94: 263-71.

Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity
to insulin resistance and type 2 diabetes. Nature 2006; 444: 840-46.
Aguirre V, Uchida T, Yenush L, Davis R, White MF.

The c-Jun NH(2)-terminal kinase promotes insulin resistance
during association with insulin receptor substrate-1 and
phosphorylation of Ser(307). J Biol Chem 2000; 275: 9047-54.

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: 538-46.

Haberzettl P, O'Toole TE, Bhatnagar A, Conklin DJ. Exposure to
fine particulate air pollution causes vascular insulin resistance by
inducing pulmonary oxidative stress. Environ Health Perspect 2016;
124: 1830-39.

Lindmark S, Wiklund U, Bjerle P, Eriksson JW. Does the autonomic
nervous system play a role in the development of insulin resistance?
A study on heart rate variability in first-degree relatives of type 2
diabetes patients and control subjects. Diabet Med 2003; 20: 399-405.
Sacks JD, Stanek LW, Luben TJ, et al. Particulate matter-induced health
effects: who is susceptible? Environ Health Perspect 2011; 119: 446-54.
Clougherty JE. A growing role for gender analysis in air pollution
epidemiology. Environ Health Perspect 2010; 118: 167-76.
Grossmann V, Schmitt VH, Zeller T, et al. Profile of the immune
and inflammatory response in individuals with prediabetes and
type 2 diabetes. Diabetes Care 2015; 38: 1356—64.

www.thelancet.com/planetary-health Vol 5 January 2021



Articles

35

36

37

38

Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR. Diabetes,
obesity, and hypertension may enhance associations between air
pollution and markers of systemic inflammation.

Environ Health Perspect 2006; 114: 992-98.

Bergman RN, Zaccaro DJ, Watanabe RM, et al. Minimal model-
based insulin sensitivity has greater heritability and a different
genetic basis than homeostasis model assessment or fasting
insulin. Diabetes 2003; 52: 2168-74.

Pisprasert V, Ingram KH, Lopez-Davila MF, Munoz AJ, Garvey WT.
Limitations in the use of indices using glucose and insulin levels to
predict insulin sensitivity: impact of race and gender and
superiority of the indices derived from oral glucose tolerance test in
African Americans. Diabetes Care 2013; 36: 845-53.

Bonora E, Targher G, Alberiche M, et al. Homeostasis model
assessment closely mirrors the glucose clamp technique in the
assessment of insulin sensitivity: studies in subjects with various
degrees of glucose tolerance and insulin sensitivity. Diabetes Care
2000; 23: 57-63.

www.thelancet.com/planetary-health Vol 5 January 2021

39

41

42

Lorenzo C, Haffner SM, Stancakova A, Laakso M. Relation of direct
and surrogate measures of insulin resistance to cardiovascular risk
factors in nondiabetic Finnish offspring of type 2 diabetic
individuals. J Clin Endocrinol Metab 2010; 95: 5082-90.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin
concentrations in man. Diabetologia 1985; 28: 412-19.

Zaharia OP, Strassburger K, Strom A, et al. Risk of diabetes-
associated diseases in subgroups of patients with recent-onset
diabetes: a 5-year follow-up study. Lancet Diabetes Endocrinol 2019;
7: 684-94.

Eeftens M, Beelen R, Fischer P, Brunekreef B, Meliefste K, Hoek G.

Stability of measured and modelled spatial contrasts in NO(2) over
time. Occup Environ Med 2011; 68: 765-70.

e49



	Longitudinal associations between ambient air pollution and insulin sensitivity: results from the KORA cohort study
	Introduction
	Methods
	Study design and participants
	Procedures and outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


