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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka Exposure to air pollution from traffic-generated sources is known to contribute to the etiology of inflammatory
diseases, including cardiovascular disease (CVD) and obesity; however, the signaling pathways involved are still

Keywords: under investigation. Dysregulation of the renin-angiotensin system (RAS) can contribute to CVD and alter lipid

Air P"uuﬁ_on ) storage and inflammation in adipose tissue. Our previous exposure studies revealed that traffic-generated

giz‘;;aﬂgwtensm system emissions increase RAS signaling, further exacerbated by a high-fat diet. Thus, we investigated the hypothesis

A diposye that exposure to engine emissions increases systemic and local adipocyte RAS signaling, promoting the

cvD expression of factors involved in CVD and obesity. Male C57BL/6 mice (6-8 wk old) were fed either a high-fat
(HF, n = 16) or low-fat (LF, n = 16) diet, beginning 30d prior to exposures, and then exposed via inhalation to
either filtered air (FA, controls) or a mixture of diesel engine + gasoline engine vehicle emissions (MVE: 100 pg
PM/m°) via whole-body inhalation for 6 h/d, 7 d/wk, 30d. Endpoints were assessed via immunofluorescence and
RT-gPCR. MVE-exposure promoted vascular adhesion factors (VCAM-1, ICAM-1) expression, monocyte/macro-
phage sequestration, and oxidative stress in the vasculature, associated with increased angiotensin II receptor
type 1 (AT1) expression. In the kidney, MVE-exposure promoted the expression of renin, AT1, and AT2 receptors.
In adipose tissue, both HF-diet and MVE-exposure mediated increased epididymal fat pad weight and adipocyte
hypertrophy, associated with increased angiotensinogen and AT1 receptor expression; however, these outcomes
were further exacerbated in the MVE + HF group. MVE-exposure also induced inflammation, monocyte che-
moattractant protein (MCP)-1, and leptin, while reducing insulin receptor and glucose transporter, GLUT4,
expression in adipose tissue. Our results indicate that MVE-exposure promotes systemic and local adipose RAS
signaling, associated with increased expression of factors contributing to CVD and obesity, further exacerbated
by HF diet consumption.

1. Introduction or exacerbation, of multiple diseases, including cardiovascular disease
(CVD) (rev. in [2,3]. Heart disease is the leading cause of death in the U.

Exposure to air pollution is estimated to contribute to over 7 million S.; atherosclerosis is the primary contributor to heart attack and stroke
deaths worldwide annually [1]. Several studies have established that [4]. Atherosclerosis vascular disease is characterized by inflammation
exposure to traffic-generated air pollutants contributes to the etiology, and plaque deposition in the vessel wall, resulting from increased
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low-density lipoprotein (LDL) cholesterol and monocyte/macrophage
infiltration. Increased expression of intercellular adhesion molecule
(ICAM) -1 and vascular cell adhesion molecule (VCAM)-1, which pro-
mote the adhesion of leukocytes to the vascular wall, is thought to be
one of the initial cellular responses involved in the pathogenesis of
atherosclerotic lesions [5,6]. Increased inflammatory signaling and
reactive oxygen species (ROS) production are also primary contributors
to atherogenesis [7].

CVD is closely associated with several other inflammatory-mediated
disease states, including type 2 diabetes (T2D) and obesity [8]. The
high-fat “Western” diet, which is rich in carbohydrates and saturated
fats, is a well-characterized player in these co-morbidities (rev. in [9,
10]. Environmental air pollution is another such factor, and while the
composition of air pollution varies significantly between regions, several
ubiquitous components are implicated in disease. Exposure to both
particulate matter (PM) and complex mixtures, including that derived
from vehicle emissions, have been implicated in CVD and car-
diometabolic disease states [11-14]. Recent studies have also estab-
lished a link between exposure to air pollution and obesity [15,16].
Furthermore, exposure to ambient air pollution has been shown to
promote inflammation, oxidative stress, and dyslipidemia, associated
with metabolic dysfunction and weight gain in animal models [17].

While previous studies have implicated air pollution in various car-
diovascular and cardiometabolic disease states, the molecular mecha-
nisms by which these pollutants mediate these comorbidities have not
been fully elucidated. Dysregulation of the renin-angiotensin system
(RAS) may be one potential mechanism. The RAS functions through the
conversion of angiotensinogen (AGT), produced primarily in the liver.
Renin, produced by the kidneys, then converts AGT to angiotensin I (Ang
I), which is processed by the angiotensin-converting enzyme (ACE) to
cleave the active peptide, Ang II [18]. Ang II's physiologic effects are
primarily mediated by signaling through either the AT1 or AT2 receptor
types [19]. Ang II -AT1 signaling is also known to activate NADPH ox-
idases, involved in ROS formation [20]. Increased systemic RAS
signaling has been well characterized to promote CVD, with both
ACE-inhibitor and AT1 antagonist pharmacotherapies beneficial in
treating hypertension and other CVDs [21]. Moreover, a recent study
reports that exposure to PM; 5 resulted in elevated blood pressure
associated with increased systemic Ang Il and AT1 receptor expression
in the vasculature and kidney, which was further exacerbated in
offspring with parental PM; 5 exposures [22].

In addition to the systemic RAS described above, certain tissue types,
including adipose tissue, possess a localized RAS [23]. AGT produced in
the adipose tissue is believed to be a key source of AGT measured in the
systemic circulation, with elevated AGT often observed in obese patients
[24,25]. The RAS is also proposed to promote adipocyte growth and
cellular differentiation, which is evidenced through studies that show
that the upregulation of RAS components positively correlates with
adipose mass [26-29]. AT1 antagonist-treatment has been shown to
limit weight gain in high-fat (HF) diet-fed rodent studies [30]. More-
over, blockade of the AT1 receptor has been reported to reduce adipo-
cyte size, adipose tissue weight, and inflammation in both
atherosclerotic and diabetic mouse models [31]. Ang II has also been
reported to interfere with skeletal muscle glucose transport through
impairing glucose transporter (GLUT)-4 translocation [32], which can
lead to insulin resistance [33]. Both insulin and tumor necrosis factor
(TNF)-a have been reported to regulate adipocyte AGT expression
[34-36], and TNF-a has been identified as a contributor to obesity [37].
Furthermore, Ang II has been demonstrated to induce inflammatory
signaling in adipose tissue, including expression of monocyte chemo-
attractant protein (MCP)-1 and interleukins (IL), such as IL-6 [38,39].

While more recent interest in air pollution and RAS signaling has
emerged because of the reported association between air pollution
exposure and COVID-19 (SARS-CoV-2) susceptibility in the lungs [40,
41], and associated cardiovascular effects [42,43]; there are still sig-
nificant gaps in knowledge related to how air pollution alters systemic
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and adipose tissue-specific RAS signaling and how this may promote
CVD and metabolic syndrome or obesity. Understanding key mecha-
nistic pathways by which traffic-generated air pollution exposure can
promote inflammatory comorbid disease states such as CVD, metabolic
syndrome, and obesity is necessary for preventative and therapeutic
targets, and also environmental regulatory outcomes. Our laboratory
has reported that inhalation exposure to a ubiquitous source of ambient
air pollution, namely a mixture of diesel and gasoline vehicle engine
exhaust (MVE), leads to elevated systemic Ang II plasma levels, associ-
ated with increased cerebrovascular expression of the AT1 receptor in
C57BL/6 wild-type mice, which were further elevated in HF-diet fed
animals [44]. These findings suggest that exposure to traffic-generated
pollutants may alter RAS signaling. Therefore, in the current studies,
we investigated whether MVE-inhalation exposure + a HF diet pro-
motes systemic and local adipocyte RAS signaling, contributing to the
expression of factors involved in the pathogenesis of CVD and promotion
of obesity.

2. Methods
2.1. Mixed vehicle emissions inhalation exposure protocol

Male 6-8 week-old C57BL/6 mice (C57BL/6NTac, Taconic, Albany,
NY) were fed either a low-fat (LF) standard chow or high-fat diet (HF:
TD88137 Custom Research Diet, Harlan Teklad, Madison, WI; 42 % kcal
from fat, 21.2 % fat content by weight) for 30 d. Mice on each diet were
then randomly sorted to be exposed by inhalation to either a combined
mixture of diesel engine and gasoline engine vehicle emissions (MVE:
70 ug PM/m® diesel engine exhaust + 30 pg PM/m°® gasoline engine
exhaust, n = 16; n = 8 HF diet, n = 8 LF diet) or filtered-air (FA: con-
trols,n = 16; n = 8 HF diet, n = 8 LF diet) for 6 h/d, 7 d/wk, for 30 d. As
previously detailed by our laboratory, the MVE was generated by
combining the emissions from a Yanmar diesel generator system with
those from a 1996 GM gasoline engine [45]. The resulting mixture was
characterized daily for chemical composition throughout the exposures,
as previously detailed (Lund et al. 2011; [44]). While higher than
average PM concentrations rates, 100 pg PM/m> is within the daily
levels of PMj 5 measured across heavily populated urban areas, as well
as certain occupational settings [46,47,48]. Furthermore, this concen-
tration was chosen for the current study for comparison of toxicological
outcomes in C57BL/6 wild-type mice compared to those previously re-
ported by our laboratory in atherosclerotic Apolipoprotein E null mice
and human exposure models, as well as toxicological endpoints across
organ systems [49,50,44]. For the exposures, mice were housed in an
AAALC-approved facility, four to a cage, in standard shoebox cages
within the 2 m® whole-body exposure chambers. The exposure rooms
and chambers were maintained at 40-60 % relative humidity and a
constant temperature (20-24 °C) throughout the exposures. Food was
pulled daily during the exposures; however, mice had access to water ad
libitum. All procedures involving animals were approved by the In-
stitute’s Animal Care and Use Committee (IACUC) at Lovelace
Biomedical Research Institute / Lovelace Respiratory Research Institute
and conform to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996).

Mice from all exposure groups were anesthetized with Euthasol (at a
dose of 0.1 mL per 30 g weight), and euthanized by exsanguination the
morning following the last day of exposure (within 16 h) for tissue
collection. The aorta, kidneys, and epididymal fat pad were carefully
dissected, weighed, and split. One piece of each tissue was embedded in
either TFM (VWR, Radnor, PA; the top half of left kidney and ascending
aorta/arch) or 7.5 % gelatin (half of the adipose tissue pad) and frozen
on dry ice; the remaining tissues were frozen in liquid nitrogen and
stored at —80 °C (n = 8 per group).
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2.2. Immunofluorescent staining of aorta and kidney tissues

Aorta and kidney tissues were fixed in Histochoice (VWR, 12 h at
4 °C), rehydrated in 30 % sucrose/1XPBS (12 h at 4 °C), embedded in
TFM (Fisher Scientific), and sectioned on the cryostat at 7 pm. Sections
were prepared for immunofluorescent detection of either AT1 receptor
(1:1000 dilution; #ab18801, Abcam, Cambridge, MA), AT2 receptor
(1:1000 dilution; #ab19134, Abcam), MOMA-2 (1:1000 dilution;
#ab33451, Abcam), renin (1:500 dilution; # AF4277, R&D Systems), or
TNF-o (1:1000 dilution; #ab1793, Abcam) and/or von Willebrand fac-
tor (VWF -aorta sections only — 1:1000 dilution; #ab11713, Abcam),
using anti-sheep Alexa Fluor 488 or anti-goat Alexa Fluor 647 and sec-
ondary antibodies (double the concentration of primary antibody used;
Thermo Fisher Scientific). All slides were imaged and analyzed using
Image J software (NIH, Bethesda, MD), as previously described by our
laboratory [45]. Total fluorescence was quantified per unit area in
kidneys and aortas; colocalization (endothelial cells of the aorta) was
determined by quantifying the overlaid signals’ fluorescence from a
minimum of 6 sections on 3 slides (n = 3-5 per group).

2.3. Dihydroethidium staining

Dihydroethidium staining of the aorta was processed and analyzed as
previously described [51]. Briefly, dihydroethidium was prepared at a
final concentration of 10 pmol/L in 1X PBS containing 20 % DMSO,
applied to 7 pm thick aorta sections, cover-slipped, and incubated for
30 min in a dark, humidified chamber for 30 min. The resulting
ethidium fluorescence was viewed using an emission at >580 nm and
excitation of 510-550 nm, and fluorescence was quantified on the ac-
quired digital images using Image J fluorescent densitometry (NIH), per
unit area. A minimum of 4 tissue sections on 2 slides, n = 3 animals per
study group was used to for analyses.

2.4. Tissue preparation and H& E morphology staining for adipose

Adipose tissue sections were fixed in a 1X zinc formalin fixative
(Sigma Aldrich, St. Louis, MO) for 12 h, and then rehydrated in sucrose
buffer (30 % in PBS, w/v) overnight. Tissue was then embedded in 7.5 %
gelatin/1X PBS, solidified on a dry ice block, sectioned at 10 pm on a
cryostat, placed on Poly-L Lysine slides (Thermo Fisher Scientific,
Waltham, MA), and then processed through H&E, Nile Red, or immu-
nofluorescent staining. Remaining tissue samples/slides were stored at
-80 °C. For H&E staining of adipose, the slides were air-dried at RT for
15 min, fixed in ice-cold 1:1 methanol:acetone solution for 30 min, and
rinsed 2x for 5 min each in 1X PBS. Slides were then stained with he-
matoxylin (1 min RT), rinsed in PBS, and then counterstained with eosin
(30 s at RT), rinsed in PBS, cover-slipped, and imaged on an EVOS XL
Core (Thermo Fisher Scientific) at 20x and 40x for analysis. A blinded
participant measured the adipocytes. 40x images were used, and a
minimum of 4-15 adipocytes were measured on each section, 8-10
sections from each animal, for a total of at least 100 cells per animal, and
n = 4-5 animals per group, using Image J software (NIH). All adipocytes
were measured along the longest axis in the view/plane for each
measurement.

2.5. Nile Red and Perilipin staining of adipose tissue

10 pm thick adipose tissue sections were removed from the -80 °C,
air-dried at RT for 30 min, fixed in ice-cold 1:1 methanol:acetone solu-
tion for 20 min, and rinsed 2x for 5 min each in 1X PBS. The tissues were
then blocked for 60 min in 3% BSA/Tween and incubated with 150 pL
(per section) perilipin antibody conjugated to AlexaFluor 488 (Invi-
trogen, Carlsbad, CA, #PA1-1051-A488, 1:1000 dilution) overnight at
4 °C. The tissue was rinsed 3x in 1x PBS. Slides were then stained with
150 pL (per section) of Nile Red solution (1:1000 of Nile Red solution
into 0.3 % Triton X in 1X PBS) and incubated at RT in the dark for
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10 min. Slides were rinsed for 5 min in 1X PBS, counterstained with
150 pL (per section) of 1:10,000 Hoechst nuclear stain in 1X PBS, and
then rinsed 5 min at RT, and cover-slipped. Sections were imaged on the
EVOS FL (Thermo Fisher Scientific) at 20x and 40x for analysis. A
minimum of 8 sections per animal, 4-5 animals per group, were imaged
and analyzed for total fluorescence and normalized by total cell count.
Images were analyzed using ImageJ version 1.52p. Briefly, after using a
subset of images to determine the optimal processing parameters, a
macro was created and used on each image to acquire the necessary data
(see Supplemental files for code). The macro accepted an RGB overlay
image as input, which was then split into red, green, and blue channels.
A threshold was then applied to each channel to ignore any background,
and objects were traced using “Create Selection”. Since the blue channel
(nuclei) can often bleed over into the green channel at higher intensities,
a mask was created to remove those areas on both red and green
channels. The mean gray value for each sample was then normalized to
the median nuclei count across all sections analyzed (to normalize
expression per # of cells, since FA + HF and MVE + HF animals had
much larger adipocytes and thus fewer cells per 40x image).

2.6. Immunofluorescent staining of adipose tissue

Slides were prepared as described for Nile Red staining. 150 pl of the
appropriate primary antibody: AGT (R&D Systems, Minneapolis, MN,
#AF6996; 1:500), AT1 receptor (Abcam, Cambridge, MA; #ab18801,
1:1000), AT2 receptor (Abcam #ab19134; 1:1000), TNF-a (Abcam
#ab1793; 1:1000), MCP-1 (Novus Biologicals, Centennial, CO;
#NBP2-22115, 1:1000), GLUT4 (Novus Biologicals, NBP1—49533;
1:250), or IR-p (#NBP2-12793; 1:500) was applied for immunofluo-
rescence (or double immunofluorescence) for 1 h at RT, followed by
another incubation for 1 h at RT with the appropriate secondary anti-
body conjugated to either Alexa Fluor 455 or Alexa Fluor 555 (Thermo
Fisher Scientific; double the concentration of primary antibody used),
imaged (10x, 20x, 40x), and analyzed, as previously published [52].
Total fluorescence was quantified per unit area and normalized to total
either total area or adipocyte cell count from a minimum of 2 slides, 4
sections, n = 3-5 per group.

2.7. Real-time RT-qPCR

Adipose, vascular, or renal tissue gene expression of either AT1, AT2,
TNF-a, MCP-1, angiotensinogen, or renin was quantified via real-time
RT-qPCR, using the appropriate primers, listed in Supplementary
Table 1. Briefly, a Qiagen AllPrep DNA/RNA/miRNA Universal Kit
(Catalog #80224, Germantown, MD) was used to isolate RNA from
kidney, vascular (aorta), and adipose tissue. A BIORAD CFX96 (Hercu-
les, CA) was used for RT-qPCR reactions and analyses [50,44]. AACt
results were analyzed (GAPDH controls) in the aorta, kidney, or adipose
tissues from an n = 7-8 animals from each study group.

2.8. Statistics

Graphed data represent either mean + SD or mean + SEM, as indi-
cated in the figure legends. A two-way ANOVA with a post-hoc Tukey
pair-wise multiple comparison analysis was used to determine the sta-
tistical relationships mediated by the exposure, diet, and/or exposure-
diet interactions amongst all diet and exposure groups. Sigma Plot
12.0 software (Systat, San Jose, CA) was used to conduct statistical
analyses. Statistical comparison values were considered statistically
significant at p<0.05.
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3. Results

3.1. MVE-exposure with HF diet increases vascular AT1 receptor
expression

Our laboratory has recently reported increased circulating Ang II in
C57BL/6 wild-type mice exposed to MVE, which is further exacerbated
in mice fed a HF diet. [44]. As increased Ang II — AT1 signaling is
positively correlated to CVD progression, we analyzed vascular AT1
receptor expression in our study animals. Vascular (aortic) AT1 receptor
expression was observed to be significantly elevated in the FA + HF,
MVE + LF, and MVE + HF groups (Fig. 1 panels and Fig. 1A, p < 0.001).
The respective F-values for exposure = 44.25, diet = 19.29, with no
exposure-diet interaction observed. Vascular AT1 receptor expression
was increased in the MVE + HF animals compared to both the
MVE + LF and FA + HF animals, as determined through pairwise com-
parison (Fig. 1A). While we quantified the total vascular expression of
the AT1 receptor in the aorta sections, the highest expression was
observed in the vascular endothelial cell layer. Similar trends in
expression were quantified in vascular AT1 receptor at the mRNA
transcript level in MVE-exposed animals, compared to FA control ani-
mals (Fig. 1B, p < 0.001 and p = 0.039 for MVE + LF); however, AT1
mRNA was not statistically significant in the FA + HF group, when
compared to the FA + LF group (Fig. 1B, p = 0.117).

3.2. MVE-exposure promotes the expression of vascular factors associated
with CVD

As sequestration and infiltration of monocytes/macrophages into the
vessel wall is a hallmark of atherosclerosis, we analyzed vascular
monocyte/macrophage infiltration in our study animals using MOMA-2
staining. Our results showed that compared to the aortas of FA animals
(Fig. 2A), MVE-exposure mediated a significant induction of vascular
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MOMA-2 staining, regardless of diet consumed (Fig. 2A), quantified in
Fig. 2B. The F-value for exposure = 20.457, p < 0.001. No statistical
difference was observed between the FA + LF vs. FA + HF group and no
exposure-diet interaction for vascular MOMA-2 staining.

Increased levels of VCAM-1 and ICAM-1 in both tissue and circula-
tion are early biomarkers for the pathogenesis of atherosclerosis [5,6];
thus, we analyzed their transcript expression in the aortas from our
animals on study. Vascular ICAM-1 mRNA was significantly elevated in
the MVE + LF group, compared to FA controls (Fig. 2C, p = 0.039). The
MVE + HF group showed a more significant induction of ICAM-1 mRNA
compared to both the MVE + LF and FA controls (Fig. 2C, p < 0.001 for
each comparison); there was a statistically significant interaction be-
tween exposure and diet for vascular ICAM-1 expression (p = 0.039;
F = 4.69). There was no difference between ICAM-1 transcript expres-
sion in the LF + FA vs. HF + FA group (p = 0.141). Vascular VCAM-1
mRNA expression (Fig. 2D) was also increased in the MVE + HF
group, compared to the MVE + LF (p = 0.011), FA + HF (p = 0.007),
and the FA + LF (p = 0.005) groups, but no differences in expression
between any of the other groups, nor an exposure-diet interaction for
expression of vascular VCAM-1.

Since elevated ROS production is associated with the pathogenesis of
CVD, we analyzed vascular ROS using dihydroethidium (DHE) staining.
Compared to the FA + LF group, there was a significant increase in DHE
staining in the vasculature of the FA + HF group (Fig. 3A, p < 0.001).
Furthermore, DHE staining was also elevated in the MVE + LF animals
(Fig. 3A and B, p = 0.027), compared to FA + LF controls, with a more
significant induction observed in the vasculature of the MVE + HF
group (Fig. 3B, p < 0.001 compared to MVE + LF group). The respective
F-values were exposure = 4.87, diet = 79.09; there was no significant
interaction between exposure and diet.
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Fig. 1. Representative images of vascular Angiotensin II type 1 receptor (AT1, red) and von Willebrand endothelial marker (vWF, green) expression in the aorta of
male C57BL/6 mice exposed via inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m? of mixed vehicle
emissions (MVE) while fed a LF diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d.
Overlay = yellow fluorescence. Blue = Hoechst nuclear stain. (A) Fluorescence quantification of vascular AT1 receptor expression (4 sections each; n = 4 per
exposure group). Fluorescence of endothelial cell-specific AT1 receptor expression was quantified from the overlay image fObl; SEM. 40x magnification; scale
bar = 100 pm. (B) Vascular AT1 receptor mRNA quantification by real-time qPCR (n = 8). *p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF;

ip < 0.05 compared to MVE + LF using a 2-way ANOVA.
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Fig. 2. Representative images of (A) monocyte/macrophage marker MOMA-2 (red) in the aorta of male C57BL/6 mice exposed via inhalation to either filtered air
(FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m® of mixed vehicle emissions (MVE) while fed a LF diet or MVE while fed a HF diet.
All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. Green fluorescence = vWF; blue = Hoechst nuclear stain. 40x magni-
fication; scale bar = 100 pm. (B) Fluorescence was measured, graphed, and data are shown as mean per unit area fOb1l; SEM (4 sections each; n = 4 per exposure
group). Real-time RT-qPCR analysis of vascular mRNA expression of (C) intracellular adhesion molecule (ICAM) -1, and (D) vascular cell adhesion molecule (VCAM)-
1 in aortas from C57BL/6 mice from each study exposure/diet group (n = 8 per group). Data are expressed as mean normalized gene expression using AACT values,
with GAPDH used as the house-keeping gene. *p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF; ip < 0.05 compared to MVE + LF using a 2-
way ANOVA.

3.3. Inhalation MVE-exposure results in increased kidney renin FA + LF controls (Fig. 5C, p = 0.029; F = 5.29).
expression Similarly, for renal AT2 receptor expression, compared to FA con-
trols, we also noted that MVE-exposure results in increased kidney AT2
To analyze the effects of MVE exposure on other components of the receptor expression (Fig. 5D and E, p < 0.001; F = 24.06), which ap-

systemic RAS signaling pathway, we quantified the kidney expression of pears to be further increased with the consumption of a HF diet (Fig. 5E;
renin at both the protein and transcript levels. At the protein level, MVE + LF vs. MVE + HF, p = 0.014). There was no observed change in
compared to FA controls, the immunofluorescent analysis showed renal AT2 expression in the FA + LF vs. FA + HF groups, nor was there a
increased kidney renin expression in animals exposed to MVE (Fig. 4A significant interaction between exposure and diet. Interestingly, there
and B, p < 0.001). There was no observed change in kidney renin were no statistical differences noted across any of the diet or exposure

expression between the FA + LF and FA + HF groups. The F-value for groups for expression of renal AT2 mRNA (Fig. 5F).
exposure = 58.81; there was no statistical contribution of diet or
exposure-diet interaction for kidney renin expression, as summarized in
Fig. 4B. In agreement with these findings, MVE-exposure was also
associated with increased kidney renin mRNA expression (Fig. 4C,
p = 0.025; F = 5.68), but not with diet (p = 0.161; F = 2.08), compared
to the respective FA controls (Fig. 4C). While kidney renin levels were
altered with MVE-exposure, kidney AGT mRNA expression was not
statistically different across any exposure or diet groups (Supplemental

3.5. Inhaled MVE-exposure mediates increased adipose weight and
adipocyte size

As abnormal RAS signaling is associated with adipose tissue growth
and obesity [53], we quantified body weight changes, epididymal fat
pad weight, and adipocyte size. Animals were randomly grouped and
placed on their respective diets 30d before the onset of exposures (day

Fig. 1) 0). As expected, at the beginning of the exposures (day 30), the HF diet

animals weighed significantly more than the LF diet animals (Fig. 6A).
3.4. Kidney angiotensin receptor expression is altered with exposure to At the end of the exposure study (day 60), the HF diet animals still had
MVE significantly increased body weights compared to the LF diet animals;

however, the MVE + HF body weights were also statistically elevated

To determine the effects of MVE exposure on renal Ang II receptor compared to the FA + HF body weights (Fig. 6A, p = 0.005). A two-way
expression, we analyzed both AT1 and AT2 in the kidneys. Compared to ANOVA showed that both exposure (p =0.010, F =7.70) and diet
FA controls, MVE- exposed animals displayed elevated AT1 receptor (p < 0.001, F = 51.90) mediated alterations in body weight; no statis-
expression in the kidney, regardless of diet (Fig. 5A and B, p < 0.001; tical interaction between exposure and diet was noted. In agreement
F = 24.16), with no significant diet-exposure interaction noted, as with these findings, compared to the FA + LF animals, we observed a
summarized in Fig. 2B. When quantifying renal AT1 mRNA transcript significant increase in the epididymal fat pad weight in the FA + HF,
levels, only the HF + MVE group was statistically elevated compared to MVE + LF, and MVE + HF groups (Fig. 6B). The two-way ANOVA
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Fig. 3. Representative images of dihydroethi-
dium (DHE) staining (red) in the aorta of male
C57BL/6 mice exposed via inhalation to either
filtered air (FA) while fed a low-fat (LF) diet, FA
while fed a high-fat (HF) diet, 100 pg PM/m> of
mixed vehicle emissions (MVE) while fed a LF
diet or MVE while fed a HF diet. All MVE and
FA control exposures were conducted for 6 h/d,
7 d/wk, for a period of 30 d. (B) Fluorescence
was measured, graphed, and is shown as mean
fobl; SEM (4 sections each; n = 3 per exposure
group). 40x magnification; scale bar = 100 pm.
*p < 0.05 compared to FA + LF; ip <0.05
compared to MVE + LF using a 2-way ANOVA.
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analysis showed that both exposure (p < 0.001; F =19.35) and diet
(p < 0.001, F = 70.28) significantly contributed to epididymal fat pad
weights (Fig. 6B). Furthermore, the epididymal fat pad weight in the
MVE + HF group was significantly higher when compared to the
MVE + LF (p < 0.001) and FA + HF (Fig. 6B, p = 0.004) groups. There
was no significant exposure-diet interaction observed in epididymal fat
pad weights. When adjusted for body weight, using the formula
[(epididymal fat pad weight) / (bodyweight)] x 100, there is a signifi-
cant increase in adiposity in the HF diet groups compared to the LF diet
groups, which is further exacerbated in the MVE + HF group (Fig. 6C;
p = 0.002 compared to FA + HF). Adiposity in the MVE + LF group was
not significant compared to the FA + LF group (Fig. 6C, p = 0.059).

When measuring adipocyte size in the epididymal fat pad, compared
to FA + LF controls, we observed adipocyte hypertrophy in the FA + HF
(Fig. 7A, p < 0.001), MVE + LF (Fig. 7A, p < 0.001), and MVE + HF
(Fig. 7A, p < 0.001) groups, as determined through the post-hoc all-
pairwise multiple comparison analysis. Adipocyte size in the MVE + HF
group was also significantly increased compared to both the MVE + LF
(p < 0.001) and FA + HF (p < 0.001) groups (Fig. 7A). A two-way
ANOVA of adipocyte average size across study groups (Fig. 7B)
showed that the increase in adipocyte size was mediated by diet
(p < 0.001, F = 200.22) and exposure (p < 0.001, F = 100.49), with a
statistically significant interaction between exposure and diet
(p < 0.001, F = 23.32).
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3.6. Increased lipid accumulation with HF diet, but not MVE-exposure

To determine if the exposure mediated increases in adipocyte size
were associated with increased lipid accumulation, a Nile Red analysis
was performed. (Fig. 8; red fluorescence). Additionally, we analyzed
perilipin, a phosphoprotein on the surface of adipose lipid droplets that
regulates lipolysis (Fig. 8; green fluorescence) often found upregulated
in obesity [54]. Compared to FA + LF and MVE + LF animals, we
observed a significant increase in Nile Red fluorescence, indicative of
lipid accumulation, in both the FA + HF and MVE + HF adipose tissue
(Fig. 8; red fluorescent panels). Even when normalized to the cell count
per unit area (since the MVE + HF group had fewer cells per unit area
due to adipocyte hypertrophy), there was such intragroup variability
that there was no statistical difference between the FA + HF and
MVE + HF groups (Fig. 8A, p = 0.124). The two-way ANOVA analysis
showed that lipid accumulation was mediated by diet (F = 8.381,
p = 0.020), but not exposure (F = 1.707, p = 0.228), and there was no
diet-exposure interaction observed. We did not observe any difference in
perilipin expression across any of the groups, as shown in Fig. 8B.

3.7. Adipocyte RAS pathway is increased with MVE-exposure and HF diet

To determine whether MVE-exposure alters the local adipocyte RAS
system, we analyzed adipocyte expression of AGT, and the AT1 and AT2
receptors, at both the protein and mRNA transcript level. Compared to
FA + LF controls, AGT expression was elevated in FA + HF, though not
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Fig. 4. Representative images of renin expression (red) in the kidney of male C57BL/6 mice exposed via inhalation to either filtered air (FA) while fed a low-fat (LF)
diet, FA while fed a high-fat (HF) diet, 100 pg PM/m?® of mixed vehicle emissions (MVE) while fed a LF diet or MVE while fed a HF diet. All MVE and FA control
exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. Blue = Hoechst stained nuclei. (B) Fluorescence was measured, graphed, and is shown as mean
fObl; SEM (4 sections each; n = 3-5 per exposure group). 20x magnification; scale bar =200 pm. (C) Kidney renin mRNA expression, as determined by real-time RT-
qPCR (n = 7-8 per group). *p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF using a 2-way ANOVA.

statistically (Fig. 9A, p = 0.52). AGT expression was significantly
increased in both MVE + LF and MVE + HF exposure groups, compared
to the FA control groups (Fig. 9A and B, p < 0.001, F = 54.92), with a
statistical increase in AGT in the MVE + HF group when compared to
the MVE + LF group (Fig. 9A and B, p = 0.009). Real-time RT-qPCR
data showed that the MVE + HF group has a significant elevation in
adipose AGT mRNA expression (Fig. 9C), compared to all other study
groups, with a significant interaction between exposure and diet
(p=0.002; F =12.113).

When analyzing AT1 and AT2 receptor expression in adipose tissue
from the epididymal fat pad, compared to FA controls, expression of the
AT1 receptor was increased in the adipose tissue of MVE-exposed mice
(Fig. 10A, p = 0.003, F = 10.46 for exposure). In the MVE + HF group,
the expression of the AT1 receptor was further increased, compared to
the MVE + LF group (Fig. 10A, p = 0.001). There was also a statistical
difference noted in adipose AT1 expression in the FA + LF compared to
the FA + HF groups (Fig. 10A, p = 0.004; F = 22.46 for diet). There
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were no significant interactions measured between exposure and diet
(p =0.912; F =0.012). Conversely, no difference was observed be-
tween adipose AT2 expressions across any groups (Fig. 10B). At the
mRNA transcript level, only the MVE + HF group showed an increase in
adipose AT1 receptor mRNA expression (Fig. 11A), compared to both
the FA groups (p=0.002; F=12.26) and the MVE + LF group
(p = 0.003). When analyzing transcript levels of AT2 receptors in the
adipose tissue (Fig. 11B), no significant differences were observed be-
tween any of the groups.

3.8. MVE-exposure alters adipokine and adipose inflammatory marker
expression

Since altered RAS signaling is associated with a “pro-inflammatory”
signaling phenotype in adipose tissue, we next investigated whether
MVE exposure + HF diet alters the expression of adipokines (leptin and
adiponectin) or inflammatory markers (TNF-a, IL-6, and MCP-1) in the
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Fig. 5. Representative images of (A) AT1 receptor expression (red) in the kidney of male C57BL/6 mice exposed via inhalation to either filtered air (FA) while fed a
low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m? of mixed vehicle emissions (MVE) while fed a LF diet or MVE while fed a HF diet. All MVE and FA
control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. Blue = Hoechst stained nuclei. (B) AT1 fluorescence was measured, graphed, and is shown
as mean fObl; SEM (4 sections each; n =5 per exposure group). Blue = Hoechst nuclear stain. 20x magnification; scale bar =200 pm. (C) Kidney AT1 mRNA
expression, as determined by real time RT-qPCR (n = 7-8 per group). (D) Representative images of AT2 expression (red) in the kidney of male C57BL/6 mice. (E) AT2
fluorescence was measured, graphed, and is shown as mean fOb1; SEM (4 sections each; n = 5 per exposure group). 20x magnification; scale bar =200 pm. (F) Kidney
AT2 mRNA expression, as determined by real time RT-qPCR (n = 7-8 per group). *p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF; ip < 0.05
compared to MVE + LF using a 2-way ANOVA.
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Fig. 6. Animal study weights for (A) body weight, (B) epididymal fat pad weight (wet weight), and (C) fat pad/body weight (BW) ratio for male C57BL/6 mice
exposed via inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m® of mixed vehicle emissions (MVE)
while fed a LF diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. Animals were placed on a
HF diet 30d prior to the initiation of the study. The inhalation exposures began on study day 30, which is indicated by the arrow in the graph in panel (A). Values

shown are + S.E. *p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF; {p < 0.05 compared to MVE + LF; and #p = 0.059 compared to FA + LF using a
2-way ANOVA.

adipose tissue. In the MVE + HF group, the two-way ANOVA showed a alteration in adipose TNF-o expression at either the protein (Supple-

significant increase in adipose leptin mRNA expression compared to all mental Fig. 2A and B) or transcript level (Supplemental Fig. 2C) across
other groups (Fig. 11C). We also observe an alteration in adiponectin any diet or exposure group. Conversely, compared to FA animals, there
expression in the adipose tissue with HF diet and MVE-exposure was a statistical increase in MCP-1 in the adipose tissue of animals
(Fig. 11D); however, because of the vast intragroup variability, there exposed to MVE on both diets, at both the protein (Fig. 12A and B:
were no statistically significant relationships measured. MVE + LF, p =0.030; MVE + HF, p < 0.001) and mRNA transcript

When analyzing the expression of inflammatory markers in the ad- level (Fig. 12C). Similar to adipose IL-6 expression, there is a statistically
ipose tissue, MVE-exposure mediated an increase in IL-6 transcript significant interaction between exposure and diet at the protein

expression, regardless of diet (Fig. 11E, p < 0.001; F = 40.21). More- (p < 0.001, F =17.10) and transcript (p = 0.002; F = 12.11) levels of
over, both diet (p < 0.001, F =19.36) and the interaction between adipose MCP-1.

exposure and diet (p = 0.012, F = 7.16) showed a significant interaction

for adipose IL-6 transcript expression. Interestingly, there was no
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Fig. 7. Representative images of H&E staining of adipocytes from the epididymal fat pad of male C57BL/6 mice exposed via inhalation to either filtered air (FA)
while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m? of mixed vehicle emissions (MVE) while fed a LF diet or MVE while fed a HF diet. All
MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. n = 4-5 per exposure group, 8 sections each, a minimum of 100 adipocytes
measured. (B) Measurements across the longest side of the adipocyte were quantified and represented as mean fOb1; S.E. 40x magnification; scale bar = 100 pm.
*p < 0.05 compared to FA + LF; {p < 0.05 compared to FA + HF; ip < 0.05 compared to MVE + LF using a 2-way ANOVA.

3.9. MVE-exposure reduces adipose GLUT4 and insulin receptor
expression

Since alteration in glucose uptake is associated with increased fat
storage in adipocytes ([55]; [56]), we also analyzed the expression of
the GLUT4 receptor in the adipose tissue. We observed differential ef-
fects of MVE-exposure on GLUT4 expression in adipose tissue, depen-
dent on diet. Compared to the FA + LF, we observed a decrease in
GLUT4 in the adipose of the FA + HF group (Fig. 13A and B, p = 0.004).
There was no statistical change in adipose GLUT4 levels in the
MVE + LF group; however, there was a significant decrease in GLUT4
expression in adipose tissue from the MVE + HF group, compared to all
other groups (Fig. 13A), as quantified in Fig. 13B. Pairwise comparison
showed a statistical difference in adipose GLUT4 expression in the
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MVE + HF group compared to both the MVE + LF (p < 0.001) and
FA + HF (p = 0.012) groups. The two-way ANOVA analysis showed a
significant interaction between exposure and diet in mediating GLUT4
expression in the adipose tissue from these study animals (p = 0.007,
F=7.72).

Insulin is responsible for regulating glucose uptake via GLUT4
stimulation and has been reported to mediate adipocyte growth and
differentiation [57]. Thus, we quantified insulin receptor-beta (IR-p)
expression in the adipose tissue of our study animals. We measured a
significant increase in IR expression in MVE + LF adipose tissue,
compared to FA + LF mice (Fig. 13C, p =0.007), but not in the
FA + HF. Conversely, compared to animals from all other study groups,
there was a decrease in IR-p expression in the adipose tissue from the
MVE + HF study animals (Fig. 13D). The two-way ANOVA analysis
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Fig. 8. Representative images of epididymal adipose tissue lipid staining (Nile Red, red) and perilipin immunofluorescence (perilipin, green) expression in male
C57BL/6 mice exposed via inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m® of mixed vehicle
emissions (MVE) while fed a LF diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d.
Overlay = yellow fluorescence. Blue = Hoechst nuclear stain. (A) Nile Red and (B) perilipin fluorescence was measured and shown as mean fluorescence / #
cells + SEM (6-8 sections each; n = 3-4 per exposure group), using the 40x magnification images. Scale bar = 100 pm. *p < 0.05 compared to FA + LF; ip < 0.05

compared to MVE + LF using a 2-way ANOVA.

reported a significant interaction between exposure and diet (p < 0.001,
F = 20.45).

4. Discussion

CVD is one of the most significant public health problems globally,
accounting for more deaths than any other cause worldwide [4]. In the
United States alone, CVD affects approximately 92.1 million people over
20 years of age [58]. Air pollution exposure and obesity are known to be
independent risk factors for CVD, including atherosclerosis [59]; rev. in
[2,3]. Obese individuals may be at higher risk for air pollution-induced
CVD progression, as they take in more air per day than those of a healthy
weight [60]. Obesity is growing in prevalence, with worldwide obesity
rates in children and adults tripling since 1975 [61]. Air pollution
exposure, including traffic-generated pollutants, has recently emerged
as a likely contributor to metabolic dysfunction and obesity in both
adults and school-aged children (rev. in [62,63,15,16,64]). As it is
estimated that within urban areas, greater than 80 % of the population
are exposed to air pollution levels that exceed WHO limits [1]; therefore,
it is imperative to understand the mechanisms by which air pollution
exposure mediates CVD and obesity comorbidities.

Both CVD and obesity have multifactorial etiologies, including ge-
netics, diet, hormones, activity levels, and environmental exposures.
Dysregulation of RAS signaling is associated with the pathophysiology of
CVD and obesity (rev. in [65]; rev in. [66]). Thus, we investigated
whether MVE exposure + HF diet altered systemic or adipose (local)
RAS signaling. In the current study, we observed a significant elevation
in the renal expression of renin expression in MVE-exposed mice. These
results agree with our previously reported findings of increased circu-
lating Ang II in the MVE + LF and MVE + HF mice, compared to both FA
control groups [44]. The conversion of AGT — Ang I, by renin, is
believed to be the rate-limiting step for Ang II generation in most
physiological pathways. Therefore, increased renin production in

855

kidneys of MVE-exposed mice is likely correlated to the elevated plasma
Ang Il levels also observed in these mice. We also observed an increase in
renal AT1 (protein and mRNA) and AT2 receptors (protein only) in
MVE-exposed animals, regardless of the diet. In the kidney, signaling
through the AT1 vs. AT2 receptor has opposing physiologic effects. For
example, Ang Il - AT1 signaling in the kidney regulates vasoconstriction,
sodium/water reabsorption, and promotes fibrosis and cellular growth
and proliferation. Conversely, Ang II-AT2 signaling increases the pro-
duction of vasodilators, bradykinin, and nitric oxide and promotes cell
differentiation and apoptosis in the kidney (rev. in [67]). As increased
renal AT1 signaling is known to be associated with renal injury, it is
plausible that the observed elevation in AT2 receptors is a compensatory
mechanism to protect the kidneys in the MVE-exposed animals. We did
not observe any alterations in renal AGT expression (Supplemental
Fig. 1A) or inflammatory marker TNF-a (Supplemental Fig. 1B) mRNA
expression across any groups. Interestingly, chemokine MCP-1 mRNA
was downregulated in the kidneys of C57BL/6 mice exposed to MVE,
regardless of diet, compared to FA controls (Supplemental Fig. 1C).
MCP-1 deficient mice show increased apoptosis and renal damage after
ischemia/reperfusion injury, suggesting that MCP-1 protects the kidney
during acute inflammatory responses [68]. Thus, MVE-exposure may
contribute to kidney injury via diminished MCP-1 expression, though we
did not directly analyze this in the present study.

In conjunction with increased plasma Ang II and kidney renin levels,
we also observed increased vascular AT1 receptor expression in
MVE + LF and MVE + HF C57BL/6 mice. This finding agrees with our
previously reported findings that MVE-exposure promotes increased
cerebral microvascular AT1 expression in C57BL/6 mice [44]. There
was also an increase in vascular AT1 receptor expression in the FA + HF
group at the protein level. While we did not observe elevated plasma
Ang II levels in the FA + HF mice, we have previously reported that
oxidized LDL (oxLDL) in plasma is upregulated in both FA + HF and
MVE + HF C57BL/6 mice [45]. Crosstalk between Ang II and oxLDL,
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Fig. 9. Representative images of Angiotensinogen (AGT) expression (red) in the epididymal adipose tissue of male C57BL/6 mice exposed via inhalation to either
filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m? of mixed vehicle emissions (MVE) while fed a LF diet or MVE while fed
a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. (B) Fluorescence was measured, graphed, and is shown as mean
fObl; SEM (4 sections each; n = 4 per exposure group). 10x magnification; scale bar = 400 pm. (C) Adipose AGT mRNA expression, as determined by real time RT-
qPCR (n = 8). *p < 0.05 compared to FA + LF; ip < 0.05 compared to FA + HF; {p < 0.05 compared to MVE + LF using a 2-way ANOVA.

and the respective receptors, has been characterized in the cardiovas-
cular system and oxLDL shown to upregulate AT1 receptor expression
via the lectin-like oxLDL receptor (LOX)-1 [69]. Such crosstalk may
account for the upregulation of vascular AT1, without concurrent in-
creases in circulating Ang I, observed in the HF + FA animals; however,
further mechanistic studies are necessary to tease apart the signaling
pathways from MVE exposure vs. HF diet.

Increased Ang I - AT1 signaling in the vasculature mediates multiple
CVD pathologies, including atherosclerosis, through ROS production
and subsequent activation of cellular inflammatory and adhesion factors
[20]. In the current study, MVE-exposure induced vascular ROS (as
quantified by DHE), MOMA-2 expression, and ICAM-1, regardless of
diet; however, vascular ROS and ICAM-1 were further elevated in the
MVE + HF animals, compared to that observed in the MVE + LF ani-
mals. There was also an increase in vascular ROS in the FA + HF group,
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compared to the FA + LF group, which may be correlated with increased
AT1 receptor signaling. Furthermore, vascular VCAM-1 was also
significantly increased with MVE-exposure, but only in those animals on
a HF diet. Induction of vascular adhesion molecules, including ICAM-1
and VCAM-1, infiltration of monocytes/macrophages, and ROS pro-
duction are all early makers of atherogenesis. Therefore, in our study,
MVE-exposure promotes activation of pathways involved in the patho-
physiology of vascular disease in an otherwise healthy animal model,
further exacerbated by the consumption of a HF diet. These findings
collectively suggest that traffic-generated air pollutants are a likely
environmental contributor to the etiology of CVD.

Adipose tissue structure and function change with progression from a
“lean” to “obese” phenotype, although this can differ amongst people
depending on their metabolic state. One of the hallmark features of
obesity is adipocyte hypertrophy, which is associated with adipose
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Fig. 10. Representative images of the (A) AT1 receptor (red) and (B) AT2 receptor (green) expression in the epididymal adipose tissue of male C57BL/6 mice exposed
via inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m? of mixed vehicle emissions (MVE) while fed a LF
diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d (4 sections each; n = 4 per exposure
group). Blue = Hoechst nuclear stain. Fluorescence was measured, graphed, and is shown as mean fOb1l; SEM. 20x magnification; scale bar =200 pm. *p < 0.05
compared to FA + LF; {p < 0.05 compared to FA + HF; {p < 0.05 compared to MVE + LF using a 2-way ANOVA.

tissue dysfunction, including increased macrophage infiltration,
inflammation, insulin resistance, and abnormal fat storage (rev. in [70]).
As expected, we see a significant increase in both body and epididymal
fat pad weight in our HF diet animals than those on a LF diet. Further-
more, we observe a statistical increase in the size of adipocytes within
the epididymal fat pad in our HF diet group and both MVE-exposed
groups, regardless of the diet consumed. These findings indicate that
MVE-exposure mediates conditions in adipose tissue that promote
adipocyte hypertrophy. Additionally, we observed an increase in lipid
accumulation in the adipocytes in the groups of C57BL/6 mice fed a HF
diet, regardless of exposure. While visually, the MVE + HF adipose ap-
pears to have significantly more Nile Red fluorescence (e.g., lipid
accumulation), even when normalized to cell count, there is such vari-
ability across HF-diet fed that a statistically significant relationship be-
tween the FA + HF vs. MVE + HF was not observed. In obesity, there is
often altered lipid buffering capacity, which can lead to increased lipid
accumulation in tissues other than adipose. Moreover, while adipocyte
hypertrophy is observed in overweight and diabetic patients, adipocyte
hyperplasia is also known to contribute to obesity [71], which was not
assessed in the current study. Lipid accumulation and storage can vary
significantly across different fat depots and between sexes. Further
studies are necessary to characterize how exposure to inhaled
traffic-generated pollutants contributes to weight gain related to
adipocyte hypertrophy vs. hyperplasia and lipid storage in different
tissues in both males and females.

Increased systemic and local RAS signaling can contribute to obesity
and metabolic syndrome [72]. Thus, we investigated whether exposure
to MVE and/or diet mediated alterations in the tissue-level adipose
expression of RAS components in our mice. The epididymal adipose
showed an increase in both AGT and AT1 receptors in the FA + HF,
MVE + LF, and MVE + HF groups, compared to FA + LF controls, sug-
gesting that both diet and exposure can independently mediate altered
adipose RAS signaling. The MVE + HF group showed significant
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increases, compared to the MVE + LF and FA + HF groups, for both AGT
and AT1 receptor expression; however, the combination of exposure and
diet only resulted in a statistical interaction in adipose AGT expression.
There was observed no change in the expression of the AT2 receptor in
adipose tissue. Adipose AGT expression has been reported to be
increased with obesity and contributes to inflammation and abnormal
metabolic function in adipocytes [25]. Furthermore, in studies of mice
with diet-induced obesity, adipose AGT levels directly correlate to
circulating plasma AGT levels [73]. However, there are conflicting re-
ports in the literature about how AGT tissue levels in adipose of obese vs.
lean individuals correlate to circulating levels of AGT (rev. in [66]).
Since it is a precursor to Ang II production, increased AGT expression in
adipose tissue can mediate increased Ang II expression, although tissue
level Ang II was not directly measured in this study. In adipose tissue,
Ang II is known to signal through AT1 and AT2 receptors, which have
opposing physiological roles. AT1 mediates signaling pathways associ-
ated with lipolysis, while the AT2 receptor mediates signaling pathways
associated with lipogenesis (rev in. [74]). Interestingly, AT1 receptor
expression has previously been reported to be upregulated in adipose
tissue from obese patients with hypertension, without increased sys-
temic RAS activation or increased tissue levels of AGT, suggesting other
ligands may also signal through the AT1 receptor in these pathological
states [75]. The roles of AT1 vs. AT2 receptor signaling in
pro-inflammatory signaling in adipose tissue is still not fully understood,
as findings from both knockout and inhibitor studies of each, individu-
ally, suggest both may contribute to inflammatory signaling in adipo-
cytes [29,76]. Regardless, in our study, MVE-exposure mediates
increased adipose AGT and AT1 expression, suggesting exposure to
traffic-generated air pollution can promote signaling pathways in adi-
pose tissue associated with pathophysiologic changes in adipocytes
observed in obese individuals, further exacerbated by a HF diet.
Increased Ang II signaling in adipose tissue promotes oxidative
stress, inflammation, and MCP-1 expression, as confirmed through AT1
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Fig. 11. Real-time RT-qPCR analyses of adipose tissue (A) AT1 Receptor, (B) AT2 receptor, (C) Leptin, (D) Adiponectin, and (E) IL-6 mRNA from male C57BL/6 mice
exposed via inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 pg PM/m® of mixed vehicle emissions (MVE)
while fed a LF diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. Represented as mean
normalized gene expression, as calculated by AACr with house-keeping gene GAPDH (n = 8 per group). *p < 0.05 compared to FA + LF; {p < 0.05 compared to

FA + HF; ip < 0.05 compared to MVE + LF using a 2-way ANOVA.

inhibitor studies [76,77]. Adipocyte hypertrophy is also associated with
decreased adipose tissue blood flow, leading to hypoxia, and increased
macrophage infiltration, inflammation, and abnormal adipokine
expression [70]. The current study findings are in agreement and show
that exposure to MVE promoted an increase in IL-6 mRNA expression in
the adipose tissue, associated with increased MCP-1 expression,
regardless of the diet consumed. Surprisingly, we did not observe a
change in adipose TNF-a expression at the transcript or protein level
across any study group. As macrophages are believed to be responsible
for the increased production of TNF-« in adipose of obese individuals
[78], it is plausible that there is a balance in the activation state of
macrophages present in the adipose tissue (e.g., M1 macrophage,
pro-inflammatory state vs. M2 macrophage, anti-inflammatory state) at
the time point the tissues were collected for analysis. However, further
time course studies are necessary to determine the exposure to macro-
phage accumulation initiation and the resulting pro-inflammatory
signaling.

Increased inflammation, macrophage infiltration, and adipocyte
expansion are also associated with metabolic disturbances, including
abnormal glucose and insulin signaling. In adipose tissue, glucose is
taken up via the glucose transporter, GLUT4, stimulated by insulin. The
canonical insulin signaling pathway in adipocytes is initiated by acti-
vation of the IR. A hallmark feature of T2D is the inability of tissues to
respond appropriately to insulin stimulation, leading to insulin resis-
tance. We observed an increase in adipose IR-p expression in our
MVE + LF group; conversely, there is a decrease in IR-f expression in
our MVE + HF group at the tissue level. Decreased adipose IR-f
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expression has recently been associated with gestational diabetes [79],
suggesting that alterations in adipose IR expression can contribute to
abnormal metabolic signaling. We did not assess IR-a expression, which
is a limitation of the current study; however, we chose to focus on the
expression of the IR-p instead because it is known to be expressed in
more differentiated adipocytes and regulates downstream expression of
metabolic endpoints [57]. Adipose GLUT4 expression is reported to be
downregulated in insulin-resistant obese individuals and individuals
with T2D [80]. In our study, we measured a decrease in adipose GLUT4
expression in the HF + FA group, compared to the LF diet groups
(regardless of exposure), with an even further decrease in expression
quantified in the HF + MVE mice. These findings agree with previously
published studies reporting a decrease in GLUT4 receptor expression in
the adipose of mice fed a high-fat and high-carbohydrate diet [81].
Multiple GLUT4 depletion studies have shown that decreased adipose
GLUT4 expression is associated with insulin resistance, a characteristic
of diabetic individuals [82]. Our findings collectively suggest that MVE
exposure may mediate alterations in insulin and glucose signaling in
visceral adipose tissue, further exacerbated by the consumption of a HF
diet.

While the current study reveals novel findings related to adipose
structure and function changes resulting from inhalation exposure to
traffic-generated air pollution, there are a few limitations to note. First,
we characterized only one exposure duration (30 d) and concentration
(100 pg PM/m?>) for the MVE exposure, and as such, our results may only
be representative of subchronic exposure to reasonably high levels of
pollutants. The dose and exposure duration in the current study were
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Fig. 12. Representative images of monocyte chemoattractant protein (MCP)-1 expression (green) in the epididymal adipose tissue of male C57BL/6 mice exposed via
inhalation to either filtered air (FA) while fed a low-fat (LF) diet, FA while fed a high-fat (HF) diet, 100 ug PM/m? of mixed vehicle emissions (MVE) while fed a LF
diet or MVE while fed a HF diet. All MVE and FA control exposures were conducted for 6 h/d, 7 d/wk, for a period of 30 d. (B) Fluorescence was measured, graphed,
and is shown as mean fOb1l; SEM (4 sections each, n = 4 per exposure group). Blue = Hoechst nuclear stain. 20x magnification; scale bar =200 pm. (C) Adipose MCP-
1 mRNA expression, as determined by real time RT-qPCR (n = 8). *p < 0.05 compared to FA + LF; 1p < 0.05 compared to FA + HF; ip < 0.05 compared to

MVE + LF using a 2-way ANOVA.

utilized to compare outcomes in the kidneys, vasculature, and adipose
tissue to our previously reported RAS-mediated outcomes in the cerebral
microvasculature, at the same dose and MVE-exposure duration.
Furthermore, while 100 pg PM/m? would be considered a high envi-
ronmental or occupational exposure concentration, it is within PMj 5 air
pollution levels that have been recorded in multiple cities around the
world in recent months [47]. It is important to note that the chemical
composition of vehicle exhaust generated from the gasoline and diesel
engines in the laboratory may be differ from that experienced in ambient
air pollution exposures in the environment. Additionally, there can be
significant variability in the composition of engine emissions related to
factors other than the fuel standards, including engine type, engine load,
date of manufacture of the engine, engine additives, and size and
composition of the PM released, which can also account for differential
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toxicity outcomes related to exposure [83-85]. For example, with
similar PM mass concentration, high load-related diesel engine emis-
sions resulted in increased pulmonary inflammation and susceptibility
to viral infection, while partial-load diesel engine emissions produced
more pronounced effects in the cardiovascular system in ApoE_/ " mice
(e.g., elevated heart rate, altered T-wave morphology) [85]. Moreover,
it is still somewhat unclear which components within the mixture vs. the
mixture itself mediate toxicity in the body. Additionally, in this study,
we only characterized the reported outcomes in visceral adipose tissue.
Remodeling and abnormal metabolic signaling in subcutaneous adipose
tissue have also been described to contribute to obesity and T2D,
although changes in both morphology and metabolic function are
generally correlated across these adipose depots [86]. Lastly, we only
analyzed outcomes in male mice for the current study. As such, we
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Fig. 13. Representative images of (A) glucose transporter (GLUT)-4 expression (red) in the epididymal adipose fad pad tissue of male C57BL/6 mice exposed via
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=200 pm. (C) Representative images of insulin receptor beta (IR-) expression (red) in the epididymal adipose tissue of male C57BL/6 mice. (D) IR-p fluorescence was
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=200 pm. *p < 0.05 compared to FA + LF; 1p < 0.05 compared to FA + HF; ip < 0.05 compared to MVE + LF using a 2-way ANOVA.

cannot conclude whether sexual dimorphisms might exist related to the
effects of MVE exposure + HF in females’ adipose tissue.

In conclusion, our results show that subchronic traffic-generated air
pollution exposure (MVE) results in elevated expression of AT1 in the
systemic vasculature, which is associated with increased vascular
adhesion molecule expression, monocyte/macrophage sequestration,
and production of ROS, all of which are early tissue-level signaling
events in the pathogenesis of CVD. Furthermore, kidney levels of renin
and Ang II receptors, AT1 and AT2, were also elevated with MVE-
exposure, which agrees with our previous findings of elevated plasma
Ang 1II levels in C57BL/6 mice exposed to MVE. Correlated to the
observed increase in systemic components of RAS, MVE-exposure also
resulted in increased weight gain, epididymal fat pad weight, and
adipocyte hypertrophy in male C57BL/6 wild-type mice that were more
pronounced with consumption of a HF diet. Local adipose RAS compo-
nents were also upregulated in MVE-exposed mice, including AGT and
AT1 receptors. MVE-exposure was also associated with increased MCP-
1, inflammation (IL-6), and leptin transcript expression, all hallmarks of
an “obese” phenotype in adipose tissue. Lastly, adipose tissue from MVE-
exposed animals on a HF diet also displayed decreased GLUT4 and IR-B
expression, suggesting altered metabolic signaling in the adipose tissue.
As CVD and obesity rates are currently increasing worldwide and are
known comorbidities for other inflammatory diseases, it is essential to
determine which environmental air pollutants may promote suscepti-
bility and characterize mechanistic pathways contributing to these
exposure-mediated outcomes.
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