Rahman et al. Environmental Health (2022) 21:36

https://doi.org/10.1186/512940-022-00842-2 E nVi ronm enta | H ea |th

. . ) )
Near-roadway air pollution, immune cells ===

and adipokines among obese young adults

Md Mostafijur Rahman', Fei Fei Liu', Sandrah P. Eckel', Ishwarya Sankaranarayanan?, Pedram Shafiei-Jahani?,
Emily Howard?, Lilit Baronikian®, Fred Sattler®, Frederick W. Lurmann®, Hooman Allayee', Omid Akbari? and
Rob McConnell”

Abstract

Background: Air pollution has been associated with metabolic disease and obesity. Adipokines are potential media-
tors of these effects, but studies of air pollution-adipokine relationships are inconclusive. Macrophage and T cells in
adipose tissue (AT) and blood modulate inflammation; however, the role of immune cells in air pollution-induced
dysregulation of adipokines has not been studied. We examined the association between air pollution exposure and
circulating and AT adipokine concentrations, and whether these relationships were modified by macrophage and T
cell numbers in the blood and AT.

Methods: Fasting blood and abdominal subcutaneous AT biopsies were collected from 30 overweight/obese
18-26year-old volunteers. Flow cytometry was used to quantify T effector (Teff, inflammatory) and regulatory (Treg,
anti-inflammatory) lymphocytes and M1 [inflammatory] and M2 [anti-inflammatory]) macrophage cell number. Serum
and AT leptin and adiponectin were measured using enzyme-linked immunosorbent assay (ELISA). Exposure to near-
roadway air pollution (NRAP) from freeway and non-freeway vehicular sources and to regional particulate matter,
nitrogen dioxide and ozone were estimated for the year prior to biopsy, based on participants'residential addresses.
Linear regression models were used to examine the association between air pollution exposures and adipokines and
to evaluate effect modification by immune cell counts.

Results: An interquartile increase in non-freeway NRAP exposure during 1 year prior to biopsy was associated with
higher leptin levels in both serum [31.7% (95% Cl: 10.4, 52.9%)] and AT [19.4% (2.2, 36.6%)]. Non-freeway NRAP expo-
sure effect estimates were greater among participants with greater than median Teff/Treg ratio and M1/M2 ratio in
blood, and with greater M1 counts in AT. No adipokine associations with regional air pollutants were found.

Discussion: Our results suggest that NRAP may increase serum leptin levels in obese young adults, and this associa-
tion may be promoted in a pro-inflammatory immune cell environment in blood and AT.
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Introduction

Childhood obesity is a major public health problem

in the United States and is a strong risk factor for the

development of metabolic diseases, such as type 2

diabetes, non-alcoholic fatty liver disease, and cardio-
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distribution of adipose tissue (AT), levels of physical
activity, and the inflammatory profile of AT play key
roles in systemic metabolic disease [6, 7]. Adiponec-
tin and leptin are two well-studied adipokines secreted
by AT that regulate local tissue inflammation [8] and
are associated with obesity-induced cardiometabolic
diseases [9-12]. Leptin has been shown to upregulate
secretion of multiple inflammatory cytokines, such as
TNF-q, IL-6, and IL-12, and affects adaptive and innate
immunity [13], whereas adiponectin has anti-inflam-
matory functions [14].

A growing number of epidemiological studies suggest
that air pollutants, especially near-roadway air pollut-
ants (NRAP), and other environmental exposures may
act as obesogens in children [15-19]. Epidemiological
studies have further identified ambient air pollution as
a risk factor for impaired glucose metabolism and the
development of diabetes [20-22]. Although the underly-
ing mechanisms for these associations are still not clear,
evidence from human and animal studies suggests that
elevated levels of ambient air pollution can alter the met-
abolic profile of AT [23-25]. Furthermore, some epide-
miological studies have reported associations between air
pollution exposure and changes in circulating adipokines
in humans, but these results have not been consistently
observed [22, 26-33]. Although AT is an important
source of pro-inflammatory adipokines, to date stud-
ies of air pollution and adipokines have been limited to
measurements of their concentrations in blood. There
has been little study in humans of the relationship of adi-
pokines in AT with ambient air pollution exposure.

AT homeostasis is influenced by resident T-lym-
phocytes and macrophages, which can play important
roles in modulating AT inflammation. AT homeosta-
sis requires a balance of both these pro-inflammatory
(M1) and anti-inflammatory (M2) macrophage subtypes.
Excess M1 macrophage infiltration (M1 polarization)
results in increased AT inflammation due to excessive
production of pro-inflammatory adipocytokines and is
associated with metabolic and vascular disease [34—37]
. Emerging evidence indicates that increases in activated
T cell populations in AT may contribute to obesity-
associated metabolic disease by dysregulating systemic
adipokines [38—40]. However, the role of AT T cells and
macrophages in air pollution-induced metabolic dysreg-
ulation has not yet been studied.

We evaluated the effect of air pollution on AT homeo-
stasis as assessed by circulating and tissue levels of the
adipokines leptin and adiponectin. We also examined a
novel hypothesis that inflammatory (M1 and T effector)
and anti-inflammatory (M2 and T regulatory) cells in AT
modify (positively and negatively, respectively) the effects
of air pollution on adipokines.
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Material and methods

Study design and population

This cross-sectional study included 30 overweight and
obese 18-26years old participants from a convenience
sample of volunteers recruited primarily through Craig-
slist advertisements. Participants came from across
Southern California including Los Angeles, Orange,
Ventura, Kern, and Riverside counties. Participants
were excluded if they had taken medications known to
affect insulin and/or glucose metabolism or body com-
position, been diagnosed with any major chronic illness
since birth, or had type 1 or type 2 diabetes. Demo-
graphic characteristics collected included sex, race and
ethnicity. Smoking history was categorized as never or
ever even a single cigarette. BMI was calculated using
participant’s weight and height [BMI=Weight (lb)/
Height? (in)].

Written informed consent and assent were obtained
from all participants. This study was approved by the
Institutional Review Board of the University of South-
ern California.

Sample collection: blood and subcutaneous adipose tissue
Blood and Subcutaneous AT samples were collected
between March 2015 and July 2017. Participants were
instructed to fast after 10PM and were admitted the
following morning to the inpatient USC Clinical Tri-
als Unit (CTU). After an overnight fast, 10 mL of blood
were collected in a purple top (EDTA anticoagulant)
tube for flow cytometry; 10 mL of blood was collected
in a red top tube, centrifuged, and a 1 ml aliquot was
frozen at —80°C for subsequent measurement of adi-
pokines in serum. Biopsies were performed as previ-
ously described [41]. Briefly, the abdominal skin was
prepared with three betadine scrubs at the biopsy site
in the right anterior axillary line at the level of the
umbilicus. After infiltration of the dermis and superfi-
cial subcutaneous tissue with 1% lidocaine, a 6-7 mm
incision was made in the skin with #11 Bard Parker
scalpel. A 6-mm Bergstrom side-cutting needle (Mic-
rins Surgical, Lake Forest, IL, USA) was introduced
approximately 1-1.5in. through the incision into the
subcutaneous abdominal AT. Suction was then applied
from a 60-cc syringe attached by irrigation tubing to
the Bergstrom needle. Four cuts were made with the
cutting trochar as the needle was further advanced and
rotated 90 degrees prior to each cut. The procedure
consistently yielded 1.5-8 g of AT. Manual compression
was applied to the wound and the incision was closed
with 3.0 silk suture using a figure-of-8 tie. The partici-
pant was discharged from the CTU with instructions
for post procedure wound care.
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Flow cytometry: adipose tissue and blood

Inflammatory and anti-inflammatory cells were meas-
ured in AT and peripheral blood mononuclear cells
(PBMCs) by flow cytometry. The immune cell popula-
tions isolated and quantified included M1 and M2 mac-
rophages and monocytes, T regulatory (Treg) and T
effector (Teff) lymphocytes. PBMCs were first isolated
from whole blood by diluting the blood 1:1 in PBS and
adding to SepMateTM-50 separation tubes (STEMCELL
Technologies Inc., Vancouver, Canada) prefilled with
15mL LymphoprepTM each (Axis-Shield, Oslo, Norway)
and centrifugated at 1200g for 15 min. Subcutaneous AT
samples were weighed and digested in collagenase IV
(200U/mL, Worthington Biochemical Corporation) at
37°C for 1 h and then processed on a 70 um nylon cell
strainer (Falcon®) into a single cell suspension. The stro-
mal vascular fraction from the subcutaneous AT and the
blood mononuclear cells were stained with the following
surface marker antibodies: CD4, CD45, CD25, CD163,
CD127, CD14. The following established flow cyto-
metric gating strategies based on previous publications
[42-47] were used to quantify the different immune cell
sub-populations using the eight-color BD FACSCANTO
analyzer, and data were acquired using BD FACSDiva
software (BD Bioscience, San Jose, CA): CD45+, CD14+,
CD163- for M1 macrophages, CD45+, CD14-+, CD163+
for M2 macrophages, CD45+, CD4+, CD25+, CD127"%
for regulatory T cells (Treg), CD45+, CD4-+, CD25+,
CD127"eh for T effector cells (Teff). The total number of
M1, M2, Treg, Teff subsets were quantified using Flow]Jo
version 10 software (TreeStar Ashland OR) and were
normalized to grams of AT collected or per milliliter of
blood collected, respectively, as previously described [44,
47-49]. Gating strategy and flow cytometry of a repre-
sentative sample are shown in Supplementary Fig. 1.

Leptin and adiponectin

Leptin and adiponectin were measured using enzyme-
linked immunosorbent assay (ELISA) kits (Millipore,
Human Leptin dual range ELISA kit, Cat. # EZHL-80SK
and Millipore Human Total Adiponectin ELISA kit, Cat.
# EZHADP-61K), and the ratio of leptin to adiponectin
in serum, a functional marker of AT inflammation, insu-
lin resistance and cardiometabolic risk, were calculated
[50-55]. 10 uL of serum sample and lysate sample were
diluted 1:50 and 1:500 for adiponectin measurements in
serum and adipose lysate, respectively. For leptin, 25uL
of serum sample and 50uL of lysate sample were diluted
1:4 or 1:10 and 1:2 for measurements of leptin in serum
and adipose lysate, respectively. Samples were quanti-
fied in duplicate based on a standard curve for each adi-
pokine and measured values were all within the limit of

Page 3 of 11

detection for each adipokine assay based on the range
indicated by the manufacturer. The coefficients of varia-
tion (CV) for duplicate measurements of both adipokines
were less than 10%. The intra-assay and inter-assay CV
for leptin and adiponectin were 2.6 and 3.75% and 3.37
and 5.67%, respectively.

Near-roadway and regional ambient air pollution
exposures

Associations of adipokines with NRAP and ambient air
pollution exposure during the year prior to biopsy were
assessed. A residential address history was obtained
at the time of enrollment. Residential addresses were
standardized and their locations were geocoded using
the Texas A&M Geocoder (http://geoservices.tamu.edu/
Services/Geocode/).

Exposures to average NRAP from freeway and non-
freeway sources during the year prior to biopsy were esti-
mated at each participant’s residence using the California
Line Source Dispersion Model (CALINE4). CALINE4
uses roadway geometry, traffic volumes, traffic counts,
vehicle emission factors, and meteorological conditions
including wind speed and direction, pollution mixing
heights, and atmospheric stability as inputs to estimate
the incremental ambient concentration contributed
by vehicle emissions on local roadways [56]. The vehi-
cle emission rates were obtained from the EMFAC2017
model for the vehicle mix and speeds on the different
roadway classes [57]. The modeled NRAP exposures
reflect the mixture of multiple pollutants from nearby
traffic, such as particles and gases, including oxides of
nitrogen (NOx), organic compounds, carbon monoxide,
elemental carbon, and polycyclic aromatic hydrocarbons
(PAH). The freeway, non-freeway and total NRAP mix-
tures were estimated as NOx in parts per billion (ppb).

Regional air pollution exposure levels for each partici-
pant were obtained from ambient monitoring stations by
downloading hourly air quality data from the U.S. Envi-
ronmental Protection Agency’s Air Quality System (AQS,
http://www.epa.gov/ttn/airs/airsaqs). Hourly air quality
data were summarized as 24-h average for particulate
matter less than 2.5 um (PM,;) and less than 10 um in
aerodynamic diameter (PM,,), nitrogen dioxide (NO,)
and 8-h average daily maximum for ozone (O;). AQS air
monitors stations in urban areas of southern California
are spaced 20-30km apart, which provide good charac-
terization of the regional air pollution gradients across
this region. The gaseous pollutants NO, and O, were
measured using Federal Reference Method (FRM) con-
tinuous monitors; PM, ; and PM,, were measured using
FRM or Federal Equivalent Method (FEM) monitors.
Monthly average values for each of the regional air pol-
lutants were calculated from daily data with at least 75%
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completeness. To assign air pollution to the participant’s
residential address, monthly average values were spatially
interpolated from up to four monitoring stations within
a 50km radius of the participant’s residence, using an
inverse distance-squared weighting (IDW2) algorithm,
as previously described [58]. Prior work by our group
has validated this approach for estimating monthly
exposure [59]. However, when a participant’s home was
located within 5km of one or more monitoring stations,
the interpolation was based solely on the values from the
nearest monitor. Because ambient pollution estimates
vary daily (unlike NRAP estimates), we also estimated
exposures 1 month and 3 months prior to the day of the
biopsy.

Statistical analyses

We used multivariate linear regression models to exam-
ine the associations of leptin, adiponectin and the ratio
of leptin to adiponectin in serum and AT with free-
way, non-freeway and total NRAP exposure, and with
regional PM,:, PM,;;, NO,, and O, during the year
prior to biopsy. We also conducted sensitivity analyses
using 1-month and 3-month average regional air pollu-
tion exposures prior to the day of biopsy. The linearity
assumption of the models was checked and no violations
were found.

For pollutants associated with adipokine, we fitted
linear regression models including an interaction term
between air pollutant and cell counts to examine the
modification of the air pollution effect on adipokines by
the cell counts. In these models, we categorized the cell
counts (Treg, Teff, M1, and M2) and the ratios of M1 to
M2 cell counts and Teff to Treg cell counts at the median
value (> median = high and < median =low) and included
an air pollutant (continuous) x cell count or ratio (cat-
egorical) interaction term. Models were adjusted for age
(continuous), sex (categorical), race/ethnicity (categori-
cal). Smoking status as a categorical (never/ever smoker)
was examined but was not identified as a confounder
and was not included in final models. BMI confounded
associations of air pollution with adipokines and was
included in analyses, although it could be on the causal
pathway between air pollution and metabolic dysregula-
tion. For pollutant effects moderated by cell counts, we
fitted logistic regression models to examine the main
effects of pollutant on cell counts, the ratio of M1 to M2
cells counts and the ratio of Teff to Treg cells counts, each
dichotomized as described above. We also fitted linear
regression models to examine the main effects of cell
counts and ratios (dichotomized as described above) on
the adipokine associated with air pollution. Models were
adjusted for the same covariates as the air pollution and
adipokine analysis.
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Results are presented as mean (standard deviation
[SD]) or number (%), as appropriate. The estimates of the
associations are reported as percentage changes in leptin
and adiponectin levels per IQR increase in air pollution
concentrations. A two-tailed p-value <0.05 was con-
sidered statistically significant. Statistical analyses were
conducted using SAS 9.4 (SAS Institute, Cary, NC) and
R 3.5 (R Foundation for Statistical Computing, Vienna,
Austria). The interaction plots were generated using the
ggeffects package in R [60].

Results

Study population

Table 1 shows the characteristics of the 30 overweight
(N=4) or obese (N=26) young adult participants. The
mean age was 22.0 (SD 3.12; range 18-26) years. There
were more female participants (60%) than male, and
73.3% of the study population was Hispanic. Each par-
ticipant had complete serum adipokines and blood flow
cytometry data. AT adipokines and flow cytometry were
available for 29 participants.

Near-roadway and regional air pollution distributions

and correlations

Figure 1 shows the distribution of regional and near-
roadway air pollution exposures. The geometric mean

Table 1 Descriptive statistics for demographic and clinical
characteristic of participants

Mean (SD) or N [%]
No. of participants 30
Age, years 22.0(3.12)
Sex
Women 18 [60.0%]
Overweight/Obesity
Overweight (25 < BMI? and < 30) 4[13.3%]
Obese (BMI?>30) 26 [86.7%)
Race/Ethnicity
Hispanic 22 [73.3%)]
Smoking status
Never smoker 16 [55.2%]
Ever smoker 13 [44.8%)
Blood Adipokines
Leptin (ng/ml) 64.8 (47.6)
Adiponectin (ug/ml) 9.3 (4.1)
Leptin/Adiponectin Ratio 87(7.2)
Adipose Tissue Adipokines
Leptin (ng/ml) 105 (6.5)
Adiponectin (ug/ml) 0912 (0.373)
Leptin/Adiponectin Ratio 11.9(5.82)

@ BMI, body mass index
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Fig. 1 1-yraverage regional and near-roadway ambient air pollution exposures prior to biopsy among 30 participants. The box shows the
interquartile range, the line in the box is the median, and the red diamond is the mean
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concentrations during the year prior to biopsy of free-
way, non-freeway, and total NRAP at the participants’
residential addresses were 5.5ppb, 2.1ppb, and 7.6 ppb,
respectively, in CALINE NOx. Mean concentrations
of regional PM, 5, PM,,, NO,, and O,, were 11.6 ug/m?,
29.4ug/m?, 15.9 ppb, and 45.4ppb, respectively. Correla-
tions of air pollution exposures were less than 0.50 except
PM, ; with PM,, (r=0.54), NO, with O, (r=—0.78) and
freeway with total near-roadway air pollution (r=0.99)
(Supplementary Table 1).

Adipokines in serum and adipose tissue

Leptin and adiponectin concentrations were higher in
serum than in AT (Table 1), consistent with a previous
study [61]. Leptin was positively correlated with adi-
ponectin (r=0.61) in AT but not in serum (Supplemen-
tary Fig. 2). Moderate to strong correlations were found
between serum and AT adipokines (r=0.65 for leptin,
r=0.47 for adiponectin, and r=0.81 for leptin/adiponec-
tin ratio; Supplementary Fig. 3), which did not appreci-
ably change after controlling for BMI (r=0.59 for leptin,
r=0.47 for adiponectin, and r=0.72 for the leptin/adi-
ponectin ratio) (data not shown). Serum leptin (r=0.63)
and the ratio of serum leptin/adiponectin (r=0.64) were
positively correlated with BMI (Supplementary Fig. 4)
whereas an inverse correlation was observed between

serum adiponectin and BMI (r=—0.29). In AT, leptin
(r=0.35) and ratio of leptin/adiponectin (r=0.54), but
not adiponectin, were also positively correlated with
BML.

Cell counts in blood and adipose tissue

The distribution of type 1 and 2 macrophages and Teff
and Treg cells in blood and in AT are shown in Supple-
mentary Table 2. Cell counts were higher in blood than
in AT. The median counts of Treg, Teff, M1, and M2 cells
in blood were 21,654, 24,840, 7959, and 64,427 cells/ml,
respectively, and 3806, 9092, 4687, and 8197 cells/g in
AT, respectively.

Association of NRAP and regional air pollution exposures
with adipokines in serum and adipose tissue

NRAP from non-freeway sources was positively asso-
ciated with leptin in serum and AT. An IQR increase
in past year non-freeway NRAP was associated with
31.7% (95% CI: 10.4, 52.9%) higher leptin concentration
in serum and 19.4% (95% CI: 2.2, 36.6%) higher leptin
level in AT, after adjusting for age, sex, race, and eth-
nicity (Table 2). Although adiponectin level itself was
not associated with NRAP exposure, the ratio of leptin/
adiponectin in serum was associated with non-freeway
NRAP [(27.9% (95% CI: 0.33, 55.4%) per IQR increase
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Table 2 Association between Near-roadway and Regional Ambient Air Pollution Exposures and Adipokines in Blood and in Tissue.
Results were scaled to an interquartile increase in PM,s (2.2 pg/m?3), PM,, (3.5 ug/m?3), NO, (4.8ppb), O; (9.3 ppb), freeway NRAP
(3.8 ppb NOx), non-freeway NRAP (1.1 ppb NOx), and total NRAP (4.8 ppb NOx)

Model was
adjusted for age,
sex, and race/
ethnicityModel

Serum Adipokines

Adipose Tissue Adipokines

Near-Roadway Air Leptin% Change  Adiponectin% Leptin/ Leptin% Change  Adiponectin% Leptin/adiponectin
Pollutants (95% CI) Change (95% Cl)  adiponectin (95% ClI) Change (95%Cl)  Ratio% Change
Ratio% Change (95% Cl)
(95% CI)
Freeway 3.96 (—8.58,16.5) 3.8(—3.84,11.5) 0.30(—14.8,154) —044(—10.1,9.22) 0.30(—6.34,6.93) 037 (—8.16,8.91)
Non-freeway 31.7 (10.4, 52.9) —536(—20.5,9.8 27.9(0.33,55.4) 19.4 (2.15, 36.6) 528(—756,18.1) 945 (—6.83,25.7)
Total 788 (—7.67,23.4) 425 (—5.40,13.9) 290 (—16.0,21.8) 126 (—10.9,13.4) 0.86 (—7.46,9.19) 1.34 (=936, 12.1)
Regional Air Pollutants
PM, 5 6.30 (—33.2,45.8) —352(—279,209) 256(—205,71.7) —6.24(—379,254) 4.06(—17.7,25.8) —3.55(—=316,245)
PM,, —772(—229,740) —534(—14.6,394) —263(—21.0,158) —104(—219,1.04) —545(—135,264) —504(—156,5.54)
NO, —531(—466,36.0) —5.75(—31.2,19.7) 10.8(—383,59.9) —0.18(—31.8,314) —3.32(—25.0,183) 146(—127,41.8)
O; —292(—523,465) 1.62(—289,32.1) —11.3(=70.1, —212(—599,17.6) 0.04(—27.2,273) —32.1 (—64.6,044)
47.4)

in non-freeway NOx]. When the models were further
adjusted for BMI, the association of non-freeway NRAP
with serum leptin was attenuated but still significant; the
association with AT leptin became marginally significant
(p=0.09) (Supplementary Table 3). The attenuation of
effect estimates after adjusting for BMI may reflect con-
founding by BMI or inappropriate inclusion of a variable
on the causal pathway. No associations of adipokines
with regional air pollution exposures were found. In sen-
sitivity analyses, 1-month and 3-month average regional
air pollution exposures prior to the day of the biopsy also
were not associated with adipokine levels in serum or AT
(results not shown).

NRAP associations with leptin modified by cell counts

In serum, the non-freeway NRAP association with serum
leptin was larger for participants in the upper half of the
pro-inflammatory Teff/Treg ratio distribution compared
with participants with lower T-cell ratio, after adjusting
for age, sex, race, ethnicity, and BMI (Supplementary
Table 4). There were also significant interactions between
NRAP effect estimates among those with greater pro-
inflammatory M1 cell counts in AT (compared with
effects in low cell counts) and among those with greater
M1/M2 cell ratios in serum (compared with effects in low
cell counts). In AT, non-freeway NRAP associations with
leptin were larger among participants with higher M1
cell counts than with lower cell counts; this effect esti-
mate was little changed after further adjusting for com-
plementary M2 cell counts (results not shown). No other
differences in the non-freeway NRAP effects by immune
cell distribution were observed.

The stratum-specific effects for these significant inter-
actions are shown in Fig. 2. Non-freeway NRAP was
associated with a 27.8% increase in serum leptin per
1.1ppb CALINE NOx (95% CI: 10.8, 44.9%) in partici-
pants with high blood Teff /Treg cell ratio and with a
6.06% decrease in serum leptin (95% CI: —32.9, 20.8%) in
those with a low ratio. The non-freeway effect estimate
in those with high blood M1/M2 ratio was 21.6% (95%
CIL: 7.36, 35.9%) compared with —20.1% (95% CI: —52.7,
12.5%) in those in the lower half of the M1/M2 distribu-
tion. In AT, non-freeway NRAP was associated with a
21.1% increase in serum leptin per 1.1 ppb CALINE NOx
(95% CI: 7.01, 35.1%) in those with greater AT M1 cell
counts and with a 32.0% decline (95% CI: — 66.5, 2.39) in
those with lower M1 counts. Thus, the larger NRAP asso-
ciations with leptin in a greater pro-inflammatory milieu
were driven in part by negative associations with leptin in
the less inflammatory immune environment.

NRAP associations with cell counts

We did not find associations between non-freeway NRAP
and high cell counts, the ratio of M1 to M2 cells counts,
or the ratio of Teff to Treg cells counts in AT (Supple-
mentary Table 5). In blood, non-freeway NRAP was asso-
ciated with higher odds of high Treg counts.

Cell counts association with leptin in serum

We found a significant association between higher M1
cell counts in AT and increased leptin in serum. How-
ever, we did not find associations between serum leptin
and high cell counts, the ratio of M1 to M2 cells counts,
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or the ratio of Teff to Treg cells counts in blood (Supple-
mentary Table 6).

Discussion

Novel findings from this study include the associations
of non-freeway but not freeway NRAP with leptin lev-
els and with the ratio of leptin to adiponectin, which
are functional measures of AT inflammation and insu-
lin resistance [50-55], in blood or AT. The associations
of non-freeway NRAP with serum leptin were observed
only if there were increased Teff/Treg or M1/M2 ratios
in blood or if there were elevated M1 cell concentrations
in AT. Thus, a proinflammatory cellular environment in
either blood or AT was associated with a stronger effect
of non-freeway NRAP, and the more relevant tissue for
identifying inflammatory adipokine effects was blood, as
no associations with AT adipokines were found. There
were no associations between regional air pollution
exposures and adipokines levels.

This is one of the few studies to distinguish effects of
NRAP from non-freeway and freeway sources. One pre-
vious study also showed serum leptin (in cord blood)
was associated with non-freeway but not with freeway
NRAP [22]. A few other studies, including studies from
our group, have also shown stronger non-freeway asso-
ciations with BMI [18, 62] and other outcomes [63—-67].
Possible reasons for larger effect of non-freeway NRAP
are that non-freeway roads are generally in much closer
proximity to homes, such that highly reactive compo-
nents in the tailpipe mixture, if responsible for these
effects, may not be present at typical distances of homes
to freeways. Non-freeway NRAP also may contain more
non-combustion brake wear and tire wear particles

resulting from frequent stops and accelerations. A recent
study showed that brake abrasion dust and diesel exhaust
particles have similar toxicity to human macrophage
function [68]. Cold starts, which are more likely to occur
in residential areas, result in higher concentration of
NRAP [69]. It is also possible that non-freeway NRAP
exposure captures other neighborhood (e.g. housing and
built environment) characteristics responsible for resid-
ual confounding.

Gasoline spark ignition (SI) engines are the primary
combustion source of non-freeway NRAP in South-
ern California. Non-freeway roadways have very little
heavy duty truck traffic with diesel compression igni-
tion (CI) engines that are largely restricted to freeways.
Therefore, although the reason non-freeway NRAP was
more strongly associated with leptin concentrations is
not clear, the results indicate that diesel exhaust was not
responsible for these effects. One Southern California
study showed that the chemical composition of gasoline
SI engine emissions had greater amounts of high-molec-
ular-weight particulate polyaromatic hydrocarbons
(PAHs) than did emissions from CI engines more com-
mon on freeways [70]. A Texas study showed that numer-
ous PAHs, acetaldehyde, formaldehyde, and acrolein
were present in higher concentrations 35m downwind
of a major non-freeway roadway than 40 m downwind of
a freeway [71]. There has been little toxicological study
focused on vehicular emissions from gasoline engines;
most vehicular combustion toxicology has been focused
on diesel exhaust, especially effects of particulate in die-
sel exhaust. One study with source-apportioned PM, ; in
Atlanta, Georgia, a major urban population center which
like Southern California has relatively high emissions
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of PM, 5 from traffic sources, reported that PM, 5 from
light-duty gasoline vehicles exhibited the highest oxi-
dative potential, followed by biomass burning, and by
heavy-duty diesel vehicles [72]. Thus, the toxicity and
health effects of gasoline combustion emissions merit
additional study.

This was the first epidemiological study to examine the
role of macrophages and T-cells as modifiers of NRAP
effects on adipokines. Emerging data from animal and
human studies suggest that T cell counts in blood modu-
late AT inflammation and insulin resistance [47, 73, 74].
The increased NRAP-associated serum leptin in the pres-
ence of increased Teft/Treg ratio in blood is consistent
with a proinflammatory role of effector T cells. A prior
in vitro study, showing that regulatory T cells reduced air
pollution-induced inflammatory responses and NF-«kB
activation, is also generally consistent with immune
activation of inflammatory pathways in association
with air pollution exposure [75]. Macrophages are the
main source of inflammatory mediators in AT of obese
subjects [76-79]. Our results suggest that increased
M1 (inflammatory) macrophage concentration in AT
increased the inflammatory effect of NRAP on leptin.
We also found that M1 macrophage polarization (e.g.,
higher proportion of M1 compared to M2 (anti-inflam-
matory cells) in blood, but not in AT, was associated with
increased NRAP estimated effects on serum leptin. This
is consistent with in vitro studies showing that infiltra-
tion of effector T cells or loss of protective regulatory T
cells led to macrophage recruitment and differentiation,
which enhanced AT inflammation and systemic insulin
resistance [80]. We also found an association between
higher M1 cell counts in AT and increased leptin in
serum, consistent with interaction model results showing
that higher pro-inflammatory M1 cell counts in AT mod-
erated the non-freeway NRAP associations with serum
leptin. There were no associations of other immune
cell profiles in AT or in blood with leptin in serum. We
observed no associations of non-freeway NRAP with
cells in AT; in blood non-freeway NRAP was associated
only with higher regulatory T cells counts. The biological
plausibility of this association is not clear. This is a cross-
sectional study; it is possible that the higher regulatory
T cells counts in blood resulted from a compensatory
response to other inflammatory effects of non-freeway
NRAP. These associations of NRAP with cell types merit
further study.

We observed positive correlations between leptin and
adiponectin in AT, which was unexpected, as previous
studies have reported inverse correlations between lep-
tin and adiponectin in blood [81-83]. To our knowledge,
no previous study has examined the relationship between
leptin and adiponectin in AT. Therefore, we examined
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mRNA level associations of leptin and adiponectin in
AT using publicly available gene expression data from the
GTEx Project [84], and we found positive associations
(Supplementary Fig. 5). The relevance of these observations
to the absence in our study of associations between AT adi-
pokine levels and air pollution remains to be determined.

Strengths of this study include a unique study popula-
tion of overweight/obese young adults at risk for devel-
oping metabolic disease, from whom both adipose and
blood samples were available. This allowed us to identify
novel associations of adipokines specifically with non-
freeway NRAP and to explore the role of pro-inflamma-
tory T cell and macrophage profiles in these associations.
The generally consistent associations with of serum lep-
tin with NRAP in blood and AT suggest that blood may
be a good proxy for effects in the AT. We also acknowl-
edge some limitations. The analysis was cross-sectional,
limiting the directional interpretation of these relation-
ships. We conducted multiple testing for associations
of several air pollution exposures with leptin; however,
the association between NRAP and serum leptin level
was significant even after Bonferroni correction. Infor-
mation about time spent at home and outdoors was not
available. However, measurement error due to time away
from home is likely to be non-differential with respect
to adipokine concentrations, and time outside exercis-
ing might increase both inhaled dose of air pollution and
reduce leptin; therefore, observed effects of NRAP may
have underestimated the true associations. We did not
have data on participant physical activity, which might
have increased the dose of air pollution. However, the
association between air pollution exposure and physi-
cal activity, and the combined effect on health, is incon-
clusive [85]; a randomized controlled study reported no
association between exercise and leptin level [86]. The
study population was overweight and obese, and young
adult, so the findings from this study may not be gen-
eralizable to normal weight and/or lean populations, or
to other age groups. Given the small study sample size,
larger and prospective studies will be needed to address
new research questions raised by our observations.

Conclusion

The results of this study have potential policy implications.
A common wisdom is that diesel engine exhaust is the more
toxic component of traffic related air pollution [85-87].
However, the association of leptin with non-freeway NRAP
suggests that ubiquitous gasoline exhaust merits more toxi-
cological study to assess metabolic and immune modulating
effects, potentially leading to regulation of NRAP. Further
prospective studies are needed to better understand bio-
logical mechanisms underlying metabolic effects of NRAP
and of moderating immune cell profiles.



Rahman et al. Environmental Health (2022) 21:36

Abbreviations

AT: Adipose Tissue; BMI: Body Mass Index; M1: Pro-Inflammatory Macrophage;

M2: Anti-Inflammatory Macrophage; NOx: Oxides of Nitrogen; NRAP: Near-
Roadway Air Pollution; Teff: Effector T cells; Treg: Regulatory T cells.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512940-022-00842-2.

[ Additional file 1. Supplementary Material.

Acknowledgements
We would like to thank all the study participants.

Authors’ contributions

Study conceptualization and design: R.M. and O.A; Acquisition, analysis, or
interpretation of data: All authors; Drafting of the manuscript: M.M.R with
assistance from R.M; Statistical analysis: F.L. and M.M.R with guidance from
S.PE.; Critical revision of the manuscript for important intellectual content:
All authors; Obtained funding: RM., HA, and O.A,; Administrative, technical,
or material support: FS., O.A, LB, and EW.L,; Supervision: RM.; All authors
approved the final draft of the manuscript.

Funding

This research was supported by National Institutes of Health grants
P30ES007048, PO1ES022845, R21ES024707, and RO1ES025786; and Environ-
mental Protection Agency grant RD-83544101.

Declarations
Ethics approval and consent to participate
University of Southern California Institutional Review Board approved this

study.

Consent for publication

All of the authors have reviewed and approved the manuscript for publication.

Competing interests
The authors declare they have no actual or potential competing interests.

Author details

'Department of Preventive Medicine, Keck School of Medicine, University
of Southern California, 2001 N. Soto Street Building: SSB, Los Angeles, CA
90032, USA. 2Department of Molecular and Cellular Immunology, University
of Southern California, Los Angeles, California, USA. *Department of Medi-

cine, Keck School of Medicine, University of Southern California, Keck School

of Medicine, Los Angeles, CA, USA. *Sonoma Technology, Inc,, Petaluma, CA,
USA.

Received: 20 August 2021 Accepted: 22 February 2022
Published online: 19 March 2022

References
1. Fang X, Zuo J, Zhou J, Cai J, Chen C, Xiang E, et al. Childhood obesity
leads to adult type 2 diabetes and coronary artery diseases: a 2-sample

mendelian randomization study. Medicine (Baltimore) [Internet]. 2019,98

Available from: https://journals.lww.com/md-journal/Fulltext/2019/
08090/Childhood_obesity_leads_to_adult_type_2_diabetes.76.aspx.

2. BridgerT. Childhood obesity and cardiovascular disease. Paediatr child
health [internet]. Pulsus Group Inc. 2009;14:177-82 Available from:
https://pubmed.ncbi.nim.nih.gov/20190900.

3. Goran M, Ball GDC, Cruz ML. Obesity and risk of type 2 diabetes and
cardiovascular disease in. Child Adolescents. 2003,88:1417-27.

4. May AL, Kuklina EV, Yoon PW. Prevalence of cardiovascular disease risk

factors among US adolescents, 1999-2008. Pediatr U S. 2012;129:1035-41.

17.

20.

21.

22.

23.

25.

Page 9 of 11

Finkelstein EA, Khavjou OA, Thompson H, Trogdon JG, Pan L, Sherry B,

et al. Obesity and severe obesity forecasts through 2030. Am J Prev Med
Neth. 2012;42:563-70.

Chait A, den Hartigh LJ. Adipose Tissue Distribution, Inflammation and Its
Metabolic Consequences, Including Diabetes and Cardiovascular Disease.
Front Cardiovasc Med [Internet]. 2020;7:22 Available from: https://pub-
med.ncbi.nlm.nih.gov/32158768.

Burhans MS, Hagman DK, Kuzma JN, Schmidt KA, Kratz M. Contribution
of adipose tissue inflammation to the development of type 2 diabetes
mellitus. Compr Physiol [Internet]. 2018;9:1-58 Available from: https://
pubmed.ncbi.nlm.nih.gov/30549014.

Makki K, Froguel P, Wolowczuk I. Adipose tissue in obesity-related inflam-
mation and insulin resistance: cells, cytokines, and chemokines. In: Yull
FE, Niu J, editors. ISRN Inflamm [internet], vol. 2013: Hindawi publishing
corporation; 2013. p. 139239. Available from:. https://doi.org/10.1155/
2013/139239.

Stern JH, Rutkowski JM, Scherer PE. Adiponectin, leptin, and fatty acids

in the maintenance of metabolic homeostasis through adipose tissue
crosstalk. Cell Metab [Internet]. 2016;23:770-84 Available from: https://
pubmed.ncbi.nim.nih.gov/27166942.

Yadav A, Kataria MA, SainiV, Yadav A. Role of leptin and adiponectin in
insulin resistance. Clin Chim Acta Netherlands. 2013;417:80-4.

. Kwon H, Pessin JE. Adipokines mediate inflammation and insulin

resistance. Front Endocrinol (Lausanne) [internet]. Frontiers Media S.A.
2013;4:71 Available from: https://pubmed.ncbi.nim.nih.gov/23781214.
Rabe K, Lehrke M, Parhofer KG, Broed! UC. Adipokines and insulin resist-
ance. Mol med [internet]. 2008/09/17. ScholarOne. 2008;14:741-51 Avail-
able from: https://pubmed.ncbi.nlm.nih.gov/19009016.

La Cava A, Matarese G. The weight of leptin in immunity. Nat Rev Immu-
nol England. 2004;4:371-9.

Shangang Z, Kusminski CM, Scherer PE. Adiponectin, leptin and cardio-
vascular disorders. Circ Res. 2021;128:136-49. Available from:. https://doi.
org/10.1161/CIRCRESAHA.120.314458.

Seo MY, Kim S-H, Park MJ. Air pollution and childhood obesity. Clin Exp Pediatr.
2020;63:382-8. Available from:. https://doi.org/10.3345/cep.2020.00010.
Fioravanti S, Porta D, Cesaroni G, Badaloni C, Michelozzi P, Forastiere F.
Traffic-related air pollution and childhood obesity in an Italian birth
cohort. Environ Res. 2018;160:479-86. Available from:.. https://doi.org/10.
1016/j.envres.2017.10.003.

Kim JS, Chen Z, Alderete TL, Toledo-corral C, Lurmann F, Berhane K, et al.
Associations of air pollution, obesity and cardiometabolic health in
young adults : The Meta-AlIR study. Environ Int. 2019;133:105180. Avail-
able from:. https://doi.org/10.1016/j.envint.2019.105180.

Jerrett M, McConnell R, Wolch J, Chang R, Lam C, Dunton G, et al. Traffic-
related air pollution and obesity formation in children: a longitudinal,
multilevel analysis. Environ Health. 2014;13:49.

Kim JS, Alderete TL, Chen Z, Lurmann F, Rappaport E, Habre R, et al. Lon-
gitudinal associations of in utero and early life near-roadway air pollution
with trajectories of childhood body mass index. Environ Heal. 2018;17:64.
Available from:. https://doi.org/10.1186/512940-018-0409-7.

Park SK, Wang W. Ambient air pollution and type 2 diabetes: a systematic
review of epidemiologic research. Curr Environ Heal Rep. 2014;1:275-86.
Eze IC, Hemkens LG, Bucher HC, Hoffmann B, Schindler C, Kinzli N, et al.
Association between ambient air pollution and diabetes mellitus in
Europe and North America: systematic review and meta-analysis. Environ
Health Perspect. 2015;123:381-9.

Alderete TL, Song AY, Bastain T, Habre R, Toledo-Corral CM, Salam MT, et al.
Prenatal traffic-related air pollution exposures, cord blood adipokines and
infant weight. Pediatr Obes. 2018;13:348-56.

Xu Z, Xu X, Zhong M, Hotchkiss IP, Lewandowski RP, Wagner JG, et al.
Ambient particulate air pollution induces oxidative stress and alterations
of mitochondria and gene expression in brown and white adipose tis-
sues. Part Fibre Toxicol. 2011;8:20.

Qinghua S, Peibin Y, Deiuliis JA, Lumeng CN, Kampfrath T, Mikolaj MB,

et al. Ambient air pollution exaggerates adipose inflammation and
insulin resistance in a mouse model of diet-induced obesity. Circulation.
2009;119:538-46. Available from:. https://doi.org/10.1161/CIRCULATIO
NAHA.108.799015.

Woodward NC, Crow AL, Zhang Y, Epstein S, Hartiala J, Johnson R, et al.
Exposure to nanoscale particulate matter from gestation to adulthood
impairs metabolic homeostasis in mice. Sci Rep. 2019;9:1816.


https://doi.org/10.1186/s12940-022-00842-2
https://doi.org/10.1186/s12940-022-00842-2
https://journals.lww.com/md-journal/Fulltext/2019/08090/Childhood_obesity_leads_to_adult_type_2_diabetes.76.aspx
https://journals.lww.com/md-journal/Fulltext/2019/08090/Childhood_obesity_leads_to_adult_type_2_diabetes.76.aspx
https://pubmed.ncbi.nlm.nih.gov/20190900
https://pubmed.ncbi.nlm.nih.gov/32158768
https://pubmed.ncbi.nlm.nih.gov/32158768
https://pubmed.ncbi.nlm.nih.gov/30549014
https://pubmed.ncbi.nlm.nih.gov/30549014
https://doi.org/10.1155/2013/139239
https://doi.org/10.1155/2013/139239
https://pubmed.ncbi.nlm.nih.gov/27166942
https://pubmed.ncbi.nlm.nih.gov/27166942
https://pubmed.ncbi.nlm.nih.gov/23781214
https://pubmed.ncbi.nlm.nih.gov/19009016
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://doi.org/10.1161/CIRCRESAHA.120.314458
https://doi.org/10.3345/cep.2020.00010
https://doi.org/10.1016/j.envres.2017.10.003
https://doi.org/10.1016/j.envres.2017.10.003
https://doi.org/10.1016/j.envint.2019.105180
https://doi.org/10.1186/s12940-018-0409-7
https://doi.org/10.1161/CIRCULATIONAHA.108.799015
https://doi.org/10.1161/CIRCULATIONAHA.108.799015

Rahman et al. Environmental Health

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2022) 21:36

Wolf K, Popp A, Schneider A, Breitner S, Hampel R, Rathmann W, 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.

ChenW, Han'Y,Wang Y, Chen X, Qiu X, Li W, et al. Associations between
changes in adipokines and exposure to fine and ultrafine particulate mat-
ter in ambient air in Beijing residents with and without pre-diabetes. BMJ
Open Diabetes Res Care. 2020;8.

Li W, Dorans KS, Wilker EH, Rice MB, Kloog |, Schwartz JD, et al. Ambient
air pollution , adipokines , and glucose homeostasis : The Framingham
Heart Study. Environ Int. 2018;111:14-22. Available from:. https://doi.org/
10.1016/j.envint.2017.11.010.

Wang Y, Eliot MN, Kuchel GA, Schwartz J, Coull BA, Mittleman MA, et al.
Long-term exposure to ambient air pollution and serum leptin in older
adults: results from the MOBILIZE Boston study. J Occup Environ Med.
2014;56:€73-7.

Molfino A, Amabile MI, Muscaritoli M, Germano A, Alfano R, Ramaccini C,
et al. Association between metabolic and hormonal derangements and
professional exposure to urban pollution in a high intensity traffic area.
Front Endocrinol (Lausanne). 2020;11:1-8.

Teichert T, Vossoughi M, Vierkétter A, Sugiri D, Schikowski T, Schulte T,

et al. Association between traffic-related air pollution, subclinical inflam-
mation and impaired glucose metabolism: results from the SALIA study.
PLoS One. 2013;8:283042 Available from: https://pubmed.ncbi.nim.nih.
gov/24340078.

Lavigne E, Ashley-Martin J, Dodds L, Arbuckle TE, Hystad P, Johnson M,

et al. Air pollution exposure during pregnancy and fetal markers of meta-
bolic function. Am J Epidemiol. 2016;183:842-51.

Brook RD, Sun Z, Brook JR, Zhao X, Ruan'Y, Yan J, et al. Extreme air pollu-
tion conditions adversely affect blood pressure and insulin resistance:
the air pollution and Cardiometabolic disease study. Hypertension.
2016;67:77-85.

Cancello R, Henegar C, Viguerie N, Taleb S, Poitou C, Rouault C, et al.
Reduction of macrophage infiltration and chemoattractant gene expres-
sion changes in white adipose tissue of morbidly obese subjects after
surgery-induced weight loss. Diabetes U S. 2005,54:2277-86.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AWJ.
Obesity is associated with macrophage accumulation in adipose tissue. J
Clin Invest. 2003;112:1796-808.

Wellen KE, Hotamisligil GS. Obesity-induced inflammatory changes in
adipose tissue. J Clin Invest. 2003;112:1785-8.

Ruggiero AD, Key C-CC, Kavanagh K. Adipose tissue macrophage
polarization in healthy and unhealthy obesity. Front Nutr. 2021,8:625331
Available from: https://pubmed.ncbi.nim.nih.gov/33681276.
McLaughlinT, Liu L-F, Lamendola C, Shen L, Morton J, Rivas H, et al. T-cell
profile in adipose tissue is associated with insulin resistance and systemic
inflammation in humans. Arterioscler Thromb Vasc Biol. 2014;34:2637-43.
Wang Q, Wu H. T cells in adipose tissue: critical players in Immunome-
tabolism. Front Immunol. 2018;9:2509 Available from: https://pubmed.
ncbi.nim.nih.gov/30459770.

Yang H, Youm Y-H, Vandanmagsar B, Ravussin A, Gimble JM, Greenway

F, et al. Obesity increases the production of proinflammatory mediators
from adipose tissue T cells and compromises TCR repertoire diversity:
implications for systemic inflammation and insulin resistance. J Immunol.
2010;185:1836-45.

Alderete TL, Sattler FR, Sheng X, Tucci J, Mittelman SD, Grant EG, et al.

A novel biopsy method to increase yield of subcutaneous abdominal
adipose tissue. Int J Obes (Lond). 2015;39:183-6 Available from: https://
pubmed.ncbi.nim.nih.gov/24849392.

LombardiV, Beuraud C, Neukirch C, Moussu H, Morizur L, Horiot S, et al.
Circulating innate lymphoid cells are differentially regulated in allergic
and nonallergic subjects. J Allergy Clin Immunol. 2016;138:305-8.

Maazi H, Patel N, Sankaranarayanan |, Suzuki Y, Rigas D, Soroosh P, et al.
ICOS:ICOS-ligand interaction is required for type 2 innate lymphoid cell
function, homeostasis, and induction of airway hyperreactivity. Immunity.
2015;42:538-51.

Sattler FR, Mert M, Sankaranarayanan |, Mack WJ, Galle-Treger L, Gonzalez
E, et al. Feasibility of quantifying change in immune white cells in
abdominal adipose tissue in response to an immune modulator in clini-
cal obesity. PLoS One. 2020;15:€0237496. Available from:. https://doi.org/
10.1371/journal.pone.0237496.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10 of 11

Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, Landay

A, et al. Expression of interleukin (IL)-2 and IL-7 receptors discrimi-

nates between human regulatory and activated T cells. J Exp Med.
2006;203:1693-700.

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al. CD127 expres-
sion inversely correlates with FoxP3 and suppressive function of human
CD4+ T reg cells. J Exp Med. 2006;203:1701-11.

Gyllenhammer LE, Lam J, Alderete TL, Allayee H, Akbari O, Katkhouda

N, et al. Lower omental t-regulatory cell count is associated with higher
fasting glucose and lower B-cell function in adults with obesity. Obesity.
2016;24:1274-82.

Hagman DK, Kuzma JN, Larson |, Foster-Schubert KE, Kuan L-Y, Cignarella
A et al. Characterizing and quantifying leukocyte populations in human
adipose tissue: impact of enzymatic tissue processing. J Immunol Meth-
ods. 2012,386:50-9.

Biswas P, Mantelli B, Sica A, Malnati M, Panzeri C, Saccani A, et al. Expres-
sion of CD4 on human peripheral blood neutrophils. Blood United States.
2003;101:4452-6.

Oda N, Imamura S, Fujita T, Uchida Y, Inagaki K, Kakizawa H, et al. The ratio
of leptin to adiponectin can be used as an index of insulin resistance.
Metabolism. 2008;57:268-73.

Finucane FM, Luan J, Wareham NJ, Sharp SJ, O'Rahilly S, Balkau B, et al.
Correlation of the leptin:adiponectin ratio with measures of insulin resist-
ance in non-diabetic individuals. Diabetologia [internet]. 2009/09/12.
Springer-Verlag. 2009;52:2345-9 Available from: https://pubmed.ncbi.
nlm.nih.gov/19756488.

Frihbeck G, Cataldn V, Rodriguez A, Ramirez B, Becerril S, Salvador J, et al.
Involvement of the leptin-adiponectin axis in inflammation and oxidative
stress in the metabolic syndrome. Sci Rep. 2017;7:6619. Available from:.
https://doi.org/10.1038/541598-017-06997-0.

Chulaievska |, Romanov V, Chulaievska N, Mitchenko O. Leptin/adiponec-
tin ratio as a marker of cardiovascular diseases at the patients with meta-
bolic syndrome. J Hypertens. 2010;28:34.430 Available from: https://journ
als.lww.com/jhypertension/Fulltext/2010/06001/LEPTIN_ADIPONECTIN_
RATIO_AS_A_MARKER_OF.1711.aspx.

Ayina CNA, Endomba FTA, Mandengue SH, Noubiap JJN, Ngoa LSE, Bou-
dou P, et al. Association of the leptin-to-adiponectin ratio with metabolic
syndrome in a sub-Saharan African population. Diabetol Metab Syndr.
2017;9:66. Available from:. https://doi.org/10.1186/513098-017-0265-6.
Frithioff-Bajsee C, Lund MAYV, Lausten-Thomsen U, Hedley PL, Pedersen O,
Christiansen M, et al. Leptin, adiponectin, and their ratio as markers of insulin
resistance and cardiometabolic risk in childhood obesity. Pediatr Diabetes.
2020;21:194-202. Available from:. https://doi.org/10.1111/pedi.12964.
Benson PE. A review of the development and application of the

CALINE3 and 4 models. Atmos Environ Part B Urban Atmos [Internet].
1992;26:379-90 Available from: https://www.sciencedirect.com/science/
article/pii/095712729290013I.

California air Resources Board. EMFAC2017 volume | — User's guide V1.0.2
[internet]. California; 2018 [cited 2018 Mar 1]. Available from: https://ww3.
arb.ca.gov/msei/downloads/emfac2017-volume-i-users-guide.pdf

Wong DW, Yuan L, Perlin SA. Comparison of spatial interpolation meth-
ods for the estimation of air quality data. J Expo Sci Environ Epidemiol.
2004;14:404-15. Available from:. https://doi.org/10.1038/s],jea.7500338.
Eckel SP, Cockburn M, Shu Y-H, Deng H, Lurmann FW, Liu L, et al. Air pollu-
tion affects lung cancer survival. Thorax. 2016;71:891-8.

Ludecke D. ggeffects: Tidy data frames of marginal effects from regres-
sion models. J Open Source Softw [Internet] 2018;3:772. Available from:
https://doi.org/10.21105/j0ss.00772.

Dostalova |, Kopsky V, Duskové J, Papezové H, Pacak K, Nedvidkova J.
Leptin concentrations in the abdominal subcutaneous adipose tissue of
patients with anorexia nervosa assessed by in vivo microdialysis. Regul
Pept. 2005;128:63-8.

McConnell R, Shen E, Gilliland FD, Jerrett M, Wolch J, Chang CC, et al. A
longitudinal cohort study of body mass index and childhood exposure
to secondhand tobacco smoke and air pollution: the Southern California
Children’s health study. Environ Health Perspect. 2015;123:360-6.

Chen Z, Newgard CB, Kim JS, likayeva O, Alderete TL, Thomas DC, et al.
Near-roadway air pollution exposure and altered fatty acid oxidation
among adolescents and young adults - the interplay with obesity. Envi-
ron Int. 2019;130:104935. Available from:. https://doi.org/10.1016/j.envint.
2019.104935.


https://doi.org/10.1016/j.envint.2017.11.010
https://doi.org/10.1016/j.envint.2017.11.010
https://pubmed.ncbi.nlm.nih.gov/24340078
https://pubmed.ncbi.nlm.nih.gov/24340078
https://pubmed.ncbi.nlm.nih.gov/33681276
https://pubmed.ncbi.nlm.nih.gov/30459770
https://pubmed.ncbi.nlm.nih.gov/30459770
https://pubmed.ncbi.nlm.nih.gov/24849392
https://pubmed.ncbi.nlm.nih.gov/24849392
https://doi.org/10.1371/journal.pone.0237496
https://doi.org/10.1371/journal.pone.0237496
https://pubmed.ncbi.nlm.nih.gov/19756488
https://pubmed.ncbi.nlm.nih.gov/19756488
https://doi.org/10.1038/s41598-017-06997-0
https://journals.lww.com/jhypertension/Fulltext/2010/06001/LEPTIN_ADIPONECTIN_RATIO_AS_A_MARKER_OF.1711.aspx
https://journals.lww.com/jhypertension/Fulltext/2010/06001/LEPTIN_ADIPONECTIN_RATIO_AS_A_MARKER_OF.1711.aspx
https://journals.lww.com/jhypertension/Fulltext/2010/06001/LEPTIN_ADIPONECTIN_RATIO_AS_A_MARKER_OF.1711.aspx
https://doi.org/10.1186/s13098-017-0265-6
https://doi.org/10.1111/pedi.12964
https://www.sciencedirect.com/science/article/pii/095712729290013I
https://www.sciencedirect.com/science/article/pii/095712729290013I
https://ww3.arb.ca.gov/msei/downloads/emfac2017-volume-i-users-guide.pdf
https://ww3.arb.ca.gov/msei/downloads/emfac2017-volume-i-users-guide.pdf
https://doi.org/10.1038/sj.jea.7500338
https://doi.org/10.21105/joss.00772
https://doi.org/10.1016/j.envint.2019.104935
https://doi.org/10.1016/j.envint.2019.104935

Rahman et al. Environmental Health

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

(2022) 21:36

Chen Z, Herting MM, Chatzi L, Belcher BR, Alderete TL, McConnell R, et al.
Regional and traffic-related air pollutants are associated with higher
consumption of fast food and trans fat among adolescents. Am J Clin
Nutr. 2019;109:99-108.

McConnell R, Islam T, Shankardass K, Jerrett M, Lurmann F, Gilliland F, et al.
Childhood incident asthma and traffic-related air pollution at home and
school. Environ Health Perspect. 2010;118:1021-6.

Urman R, Eckel S, Deng H, Berhane K, Avol E, Lurmann F, et al. Risk effects
of near-roadway pollutants and asthma status on bronchitic symptoms in
children. Environ Epidemiol. 2018;2:012.

Deng H, Urman R, Gilliland FD, Eckel SP. Understanding the importance
of key risk factors in predicting chronic bronchitic symptoms using a
machine learning approach. BMC Med Res Methodol. 2019;19:1-12.
Selley L, Schuster L, Marbach H, Forsthuber T, Forbes B, Gant TW, et al.
Brake dust exposure exacerbates inflammation and transiently compro-
mises phagocytosis in macrophages. Metallomics. 2020;12:371-86.
Roberts A, Brooks R, Shipway P. Internal combustion engine cold-start
efficiency: a review of the problem, causes and potential solutions.
Energy Convers Manag [Internet]. 2014,;82:327-50 Available from: https://
www.sciencedirect.com/science/article/pii/S0196890414001939.

Fujita EM, Zielinska B, Campbell DE, Arnott WP, Sagebiel JC, Mazzo-

leni L, et al. Variations in speciated emissions from spark-ignition and
compression-ignition motor vehicles in California’s south coast Air Basin. J
Air Waste Manag Assoc. 2007;57:705-20.

Clements AL, Jia'Y, Denbleyker A, McDonald-Buller E, Fraser MP, Allen

DT, et al. Air pollutant concentrations near three Texas roadways, part II:
chemical characterization and transformation of pollutants. Atmos Envi-
ron. 2009;43:4523-34. Available from:. https://doi.org/10.1016/j.atmosenv.
2009.06.044.

Bates JT, Weber RJ, Abrams J, Verma V, Fang T, Klein M, et al. Reactive oxy-
gen species generation linked to sources of atmospheric particulate mat-
ter and cardiorespiratory effects. Environ Sci Technol. 2015;49:13605-12.
Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean,
but not obese, fat is enriched for a unique population of regulatory

T cells that affect metabolic parameters. Nat Med. Nat Publ Group.
2009;15:930-9.

Chen X, Wu Y, Wang L. Fat-resident Tregs: an emerging guard protecting
from obesity-associated metabolic disorders. Obes Rev. 2013;14:568-78.
Zhang WC, Wang YG, Zhu ZF, Wu FQ, Peng YD, Chen ZY, et al. Regulatory
T cells protect fine particulate matter-induced inflammatory responses in
human umbilical vein endothelial cells. Mediat Inflamm. 2014;2014:1-15.
Russo L, Lumeng CN. Properties and functions of adipose tissue mac-
rophages in obesity. Immunology. 2018;155:407-17.

Zeyda M, Farmer D, Todoric J, Aszmann O, Speiser M, Gyori G, et al.
Human adipose tissue macrophages are of an anti-inflammatory pheno-
type but capable of excessive pro-inflammatory mediator production. Int
J Obes. 2007;31:1420-8.

Fain JN. Release of interleukins and other inflammatory cytokines by
human adipose tissue is enhanced in obesity and primarily due to the
nonfat cells. Vitam Horm U S. 2006;74:443-77.

Zeyda M, Stulnig TM. Adipose tissue macrophages. Immunol Lett.
2007;112:61-7.

Nishimura S, Manabe |, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al.
CD8+ effector T cells contribute to macrophage recruitment and adipose
tissue inflammation in obesity. Nat Med Nat Publ Group. 2009;15:914-20.
Matsubara M, Maruoka S, Katayose S. Inverse relationship between
plasma adiponectin and leptin concentrations in normal-weight and
obese women. Eur J Endocrinol England. 2002;147:173-80.

Diwan AG, Kuvalekar AA, Dharamsi S, Vora AM, Nikam VA, Ghadge AA.
Correlation of Serum Adiponectin and Leptin levels in Obesity and Type
2 Diabetes Mellitus. Indian J Endocrinol Metab. 2018;22:93-9 Available
from: https://pubmed.ncbinlm.nih.gov/29535945.

Frihbeck G, Cataldn V, Rodriguez A, GGmez-Ambrosi J. Adiponectin-leptin
ratio: A promising index to estimate adipose tissue dysfunction. Relation
with obesity-associated cardiometabolic risk. Adipocyte. 2018;7:57-62
Available from: https://pubmed.ncbi.nim.nih.gov/29205099.

Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, et al. The
genotype-tissue expression (GTEX) project. Nat Genet. 2013;45:580-5.
IARC. Diesel engine exhaust carcinogenic [Internet]. 2012. Available from:
https://www.iarc.who.int/wp-content/uploads/2018/07/pr213_E.pdf.

Page 11 of 11

86. Park M, Joo HS, Lee K, Jang M, Kim SD, Kim |, et al. Differential toxicities of
fine particulate matters from various sources. Sci Rep. 2018,8:1-11.

87. Kelly FJ, Fussell JC. Toxicity of airborne particles - established evidence,
knowledge gaps and emerging areas of importance: topical aspects of
particle toxicity. Philos trans R Soc a math Phys. Eng Sci. 2020;378.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.sciencedirect.com/science/article/pii/S0196890414001939
https://www.sciencedirect.com/science/article/pii/S0196890414001939
https://doi.org/10.1016/j.atmosenv.2009.06.044
https://doi.org/10.1016/j.atmosenv.2009.06.044
https://pubmed.ncbi.nlm.nih.gov/29535945
https://pubmed.ncbi.nlm.nih.gov/29205099
https://www.iarc.who.int/wp-content/uploads/2018/07/pr213_E.pdf

	Near-roadway air pollution, immune cells and adipokines among obese young adults
	Abstract 
	Background: 
	Methods: 
	Results: 
	Discussion: 

	Introduction
	Material and methods
	Study design and population
	Sample collection: blood and subcutaneous adipose tissue
	Flow cytometry: adipose tissue and blood
	Leptin and adiponectin
	Near-roadway and regional ambient air pollution exposures
	Statistical analyses

	Results
	Study population
	Near-roadway and regional air pollution distributions and correlations
	Adipokines in serum and adipose tissue
	Cell counts in blood and adipose tissue
	Association of NRAP and regional air pollution exposures with adipokines in serum and adipose tissue
	NRAP associations with leptin modified by cell counts
	NRAP associations with cell counts
	Cell counts association with leptin in serum

	Discussion
	Conclusion
	Acknowledgements
	References


