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Pathological Cardiopulmonary Evaluation of Rats Chronically Exposed to Traffic-
Related Air Pollution
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BACKGROUND: Traffic-related air pollution (TRAP) is made up of complex mixtures of particulate matter, gases and volatile compounds. However,
the effects of TRAP on the cardiopulmonary system in most animal studies have been tested using acute exposure to singular pollutants. The cardio-
pulmonary effects and molecular mechanisms in animals that are chronically exposed to unmodified air pollution as a whole have yet to be studied.
Additionally, sex-dependent toxicity of TRAP exposure has rarely been evaluated.

OBJECTIVES: This study sought to assess the cardiopulmonary effect of chronic exposure to unmodified, real-world TRAP in both female and male rats.

METHODS: Four-week-old male and female rats were exposed to TRAP or filtered air for 14 months in a novel facility drawing air from a major free-
way tunnel system in Northern California. Inflammation and oxidative stress markers were examined in the lung, heart, spleen, and plasma, and
TRAP deposits were quantified in the lungs of both male and female rats.

ResuLTs: Elemental analysis showed higher levels of eight elements in the female lungs and one element in the male lungs. Expression of genes
related to fibrosis, aging, oxidative stress, and inflammation were higher in the rat hearts exposed to TRAP, with female rats being more susceptible
than males. Enhanced collagen accumulation was found only in the TRAP-exposed female hearts. Plasma cytokine secretion was higher in both
female and male rats, but inflammatory macrophages were higher only in TRAP-exposed male spleens.

Discussion: Our results in rats suggest pathological consequences from chronic TRAP exposure, including sex differences indicating females may be

more susceptible to TRAP-induced cardiac fibrosis. https://doi.org/10.1289/EHP7045

Introduction

Epidemiological studies worldwide have shown that exposure to
ambient air pollution is associated with significantly higher inci-
dence of cardiovascular and respiratory diseases contributing to
overall global mortality (Brook et al. 2004; Cohen et al. 2017;
Ghorani-Azam et al. 2016; Miinzel et al. 2017a, 2017b; Newby
et al. 2015). Ambient air pollution is a complex mixture of both
gaseous [nitric oxides (NOy), carbon monoxide (CO), lead (Pb),
ozone (O3), sulfur oxides (SOy), and volatile organic carbons
(VOCs)] and solid particulate matter (PM) of various sizes. The
particulates are categorized as PM with a diameter of less than
10 pm (PM ), PM with diameter of 2.5 um or smaller (PM; s), or
ultrafine PM less than 0.1 pm in diameter (ultrafine PM or UFPM)
(Suh et al. 2000). The composition of air pollution can vary vastly,
depending on its source of generation; however, pollutants gener-
ated from automobile sources are of high health risk. Traffic-
related air pollution (TRAP) is generated from several different
sources and has been shown to be exceptionally hazardous to
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sensitive populations, such as the elderly (Alexeeff et al. 2018) and
children (Bates 1995; Calder6n-Garcidueiias et al. 2008). Changes
in certain elements attributed to TRAP in the mass fraction of
PM, 5 have been shown to modify risk factors of exposed individu-
als, making TRAP an important pollutant to examine (Dominici
et al. 2015; Schnelle-Kreis et al. 2009). TRAP PM sources include
crustal elements (those originating from earth’s crust, such as sili-
con, iron, aluminum, and calcium) and traffic-related elements.
Crustal elements generated from the wear of tires on roadways dif-
fer from traffic-related elements that originate from multiple
motorized sources, including brake pads, diesel combustion, and
vehicle machinery (Han and Naeher 2006). In addition, gaseous
pollutants interact with PM through complex atmospheric photo-
chemical reactions to form secondary pollutants, such as sulfates
and nitrates (Bourdrel et al. 2017).

In 2012, the U.S. Environmental Protection Agency (U.S. EPA)
reevaluated the safety threshold for PM; 5 and lowered the threshold
from 15 pug/m? to 12 pg/m? daily per 1-y interval, but these values
have not been reevaluated since then (U.S. EPA 2013). However,
although the national average in the United States for overall PM, 5
concentration has been decreasing annually (McClure and Jaffe
2018), the World Health Organization has advised that the threshold
of PM,s concentration be no greater than 10pg/ m? because
adverse health effects have been observed at concentrations as low
as 3-5pg/m’ above ambient background levels (Krzyzanowski
and Cohen 2008; World Health Organization Occupational and
Environmental Health Team 2006). Exposure to low levels of
TRAP may occur daily for individuals living near highways or com-
muting. As traffic increases in the United States, congestion leads to
generation of more TRAP, and as a result, individuals who live near
highways or who commute are exposed to moderate levels of TRAP
more frequently (Zhang and Batterman 2013). Currently, few stud-
ies have evaluated whether chronic exposure to low-dose TRAP
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(212pg/ m? PM, s /d) elicits cardiopulmonary diseases or other
adverse health effects. Although epidemiological studies have
shown increased risk of cardiopulmonary disease due to air pollu-
tion, they are incapable of concluding mechanistically how TRAP
induces cardiovascular and respiratory changes. Animal studies are
crucial in mechanistically investigating how air pollution induces
negative health effects (Bernstein et al. 2004). Contemporary animal
research has implicated oxidative stress and inflammation as pri-
mary mechanisms inducing cardiovascular and pulmonary diseases
following air pollution exposure, particularly exposure to PM; s
produced by diesel and gasoline vehicle emissions (Lodovici and
Bigagli2011).

Because copollutants found in TRAP add confounding varia-
bles to mechanistic exploration, many animal studies have focused
on isolating specific components of TRAP in highly controlled ex-
posure systems or via intranasal instillation (Shang and Sun 2018).
Although this approach allows concise scrutiny of how specific
pollutants mediate disease, it does not examine the multifaceted
and unique elemental makeup of TRAP to which humans are
exposed. The current study focused on using a real-world exposure
model via an existing tunnel freeway system, without any modifi-
cation of any components of TRAP. The air found in the tunnel
freeway system contains gases and particles that are emitted by ve-
hicle travel and inhaled by commuters daily (Allen et al. 2001;
Gross et al. 2000), and that are representative of daily TRAP expo-
sures for those who live near highways or who commute. Using
this unique tunnel exposure facility in Northern California, we
tested the hypothesis that chronic exposure to real-world TRAP
induces significant cardiopulmonary pathology. After months-
long exposure to TRAP (at concentrations not typically examined
in many studies), the cardiovascular, immune, and respiratory sys-
tems were studied for pathological changes typically observed in
air pollution research. Both male and female rats were evaluated to
assess the impact of sex on outcome.

Materials and Methods

Animals

This study was a subset of a larger study designed to examine the
health impacts of real-time TRAP exposures. All procedures involv-
ing animals were conducted in strict compliance to protocols
approved by the University of California, Davis (UC Davis)
Institutional Animal Care and Use Committee. Wild-type Fischer
344 rats used in this study were derived from mating of Fischer 344
females (obtained from Charles River Laboratories) with hemizy-
gous TgF344-AD male rats (obtained from a colony established at
UC Davis since 2016) in the animal facility at UC Davis. Facilities
that housed animals, including the tunnel vivarium, were environ-
mentally controlled at 23 +3°C, and were on a 12-h light—dark
cycle. The animals were housed in regular rat cages with dimensions
of 18.75inx 10.25in x 8 in (47.63 cm X 26.04 cm X 20.32 cm) and
corncob bedding. Standard chow diet (Teklad global 18% protein
rodent diet; Envigo) and water were provided ad libitum. Postnatal
day 28 male and female Fischer 344 rats (n = 24) were randomly di-
vided into two sex-matched cohorts, filtered air (FA) and TRAP
groups (n = 6 per group), using a random number generator.

TRAP Exposure

The tunnel vivarium, adjacent to a heavily trafficked freeway tun-
nel in Northern California, continuously drafted air from the east-
bound exit of the tunnel bores with an air flow rate of
35 cubic feet/min (1 m®/min) in each chamber (Berg et al. 2020;
Patten et al. 2020). Both light-duty and heavy-duty vehicles pass
through this tunnel on a regular basis, with a traffic intensity of about
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60,000 vehicles/d (Ban-Weiss et al. 2008; Geller et al. 2005). This
approach naturally collected vehicular emissions and allowed both
light and heavy vehicle traffic pollution to be directly delivered into
TRAP exposure chambers in the facility vivarium. Air for the identi-
cal but separate FA exposure chambers was drawn from ambient air
surrounding the facility and underwent various emission-control
protocols to remove residual air pollutants prior to being delivered
to animals. In brief, ambient air was sequentially processed using
coarse filtration to remove large debris/dust, an activated carbon
scrubber [Phresh® HGC701018 Air Carbon Filter; 8inx39in
(20.32c¢m % 99.06 cm); 950 cubic feet/min (26.9 m® /min) max
flowrate] to remove volatile organic compounds. The flow was then
split into three parallel streams, and each stream subjected to an
additional inline activated carbon scrubber [Phresh® HGC701180
Inline Air Carbon Filter; 8inx24in (20.32c¢cm X 60.96 cm);
750 cubic feet/min (21.24 m® /min) maximum flow rate], followed
by three-way catalytic converters (MagnaFlow" 445006; CARB-
compliant) to remove nitrogen oxides, hydrocarbons, and carbon
monoxide. The flows were then recombined, plumbed to the air
flow control systems situated beneath the facility, and then
pumped through an inline, custom-made, ultrahigh-efficiency par-
ticle filtration system housed inside the instrumentation room for
removing ultrafine, fine, and coarse mode PM. The filtration sys-
tem consisted of six parallel 8-in diameter ducts coupled by inlet
and outlet manifolds. Each duct terminated with a stainless-steel
wire mesh filter support and Teflon-coated borosilicate glass
microfiber filter with woven glass backing (Pallflex® Emfab™
TX40) that were compression sealed to the outlet manifold via
quick-disconnect couplings and polytetrafluoroethylene (PTFE)
seals. The outlet was then plumbed to an array of sampling ports
that directed airflow to: a) the exposure chambers in the vivarium; b)
the PM samplers in the instrumentation room; and ¢) the air sampling
train for air monitoring instrumentation. The average particle number
filtration efficiency, average PM, s mass filtration efficiency, and av-
erage total suspended particulate mass filtration efficiency were
97.7% +0.7%, 89% + 5%, and 89% =+ 5% respectively.

The exposure facility, which was located within 50 m of a
freeway tunnel, is 44 ft long and 10 ft wide. It was divided into
three rooms, one [9ftXx 13ft(2.7mx4.0m)] for monitoring
TRAP and FA pollutant concentrations and the security of the fa-
cility, a second [9ftx 18ft(2.7mx5.5m)] for the exposure
chambers, and a third [9 ftx 12 ft (2.7 m X 3.7 m)] for on-site lab-
oratory work. Each exposure chamber was 12.8 ft x 3 ft x 7.8 ft
B.9mx0.9mx2.4m;LxW XxH), with 6 shelves, each of which
accommodated 18 rat cages with dimensions of 18.75inX
10.25inx 8in (47.63 cm X 26.04 cm X 20.32cm). One chamber
was used for FA exposures and the other for TRAP exposures. All
blowers and pumps were housed outside the facility and plumbed
through the facility walls, and the exposure chambers were insu-
lated for sound so that the animals did not experience significant
stress from roadway and vehicle noise. The TRAP rats were
exposed to air drawn directly from the eastbound exit of the tunnel
bores continuously without any modification. For the FA expo-
sures, ambient air was drawn from outside near the facility through
the filtration process described above. Pollutant concentrations and
pressure drops were checked regularly throughout the exposures,
and the particle filters for FA exposure were replaced twice
throughout the entire exposure duration of this study. At the bot-
toms of both exposure chambers, the tunnel and FA chambers
were plumbed through the wall to separate blowers situated under
the facility. A variable frequency drive with PID (proportional-
integral-differential) feedback powered the blowers to maintain
the flow at the desired value. The blowers maintained a small
negative pressure in the exposure chambers that drew air from ei-
ther the tunnel face for the tunnel chamber, or through the air
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cleaning equipment for the FA chamber. Animals were exposed
continuously 24 h/d, 7 d/wk for a total of 427 d (~14 months).

Concentrations of PM, 5 in pg/ m? in the continuous 14-month
exposure duration were calculated weekly using a gravimetric
method by weighing the PM samplers (PTFE filters - 3 pm,
25 mm, Pall® Teflon) before and after the exposure. At the end of
the exposure, animals were transported back to the UC Davis cam-
pus, where they were housed for 18 h until euthanized for tissue
collection (Figure S1).

TRAP Elemental and Physical Analysis

Chemical and physical characterization of both TRAP and FA expo-
sure chamber atmosphere was conducted via real-time air quality
instrumentation and analysis from traditional filter-based sampling
and techniques. Particulate matter (PM;s) and Total Suspended
Particulate (TSP) concentrations were measured with 5 s resolution
via DustTrak DRX Aerosol Monitor (TSI, Model 8533). Continuous
24-h PM filter samples were collected in each of the 8 Interagency
Monitoring of Protected Visual Environments (IMPROVE) modules
(4 for TRAP and 4 for clean FA labeled A-D, located immediately
upstream of the exposure chambers) (Solomon et al. 2014) once ev-
ery 3 d and were subsequently analyzed to determine mass concen-
tration and composition. The concentration and composition of
TRAP, especially pollutants inside the tunnel, largely depend on the
traffic condition and topography (Ginzburg et al. 2015; Padré-
Martinez et al. 2012) and thus are relatively stable throughout the
year. In this study, the filters during the last 3 months of the exposure
period were used for the concentration and composition analyses.
For both TRAP and FA, modules A—C were configured to collect
PM; 5 and module D was configured to collect TSP. Sampling flow
rates were 23 L/min for modules A-C and 16.9 L/min for module
D. PTFE filters (Pall” Teflon 25 mm; 3.0 pm pore size) were used in
modules A and D to determine PM; s mass concentration by gravi-
metric method and elemental composition by X-ray fluorescence
(XRF). Quartz PM; 5 filters (Pallflex” tissuquartz; 25 mm) were
used in module B to measure elemental and organic carbon (EC/OC)
by thermal optical reflectance (TOR) method that applies different
temperatures for carbon fractions’ measurement through pro-
grammed heating in a controlled atmosphere (Chow et al. 2007),
and Teflon-coated borosilicate glass microfiber filters (Pallflex”
Emfab™ TX40; 37 mm) were used in module C. Gravimetric, XRF,
and TOR analyses were performed weekly by the Air Quality
Research Center at UC Davis (http://vista.cira.colostate.edu/Improve/
particulate-monitoring-network/). In brief, the PTFE filters were
weighed before and after sampling in an environmentally controlled
weighing chamber (MTL AHS500) on a Mettler XP6 microbalance
(Mettler-Toledo), and the values were recorded to calculate the mass
differences (Air Quality Research Center 2020c). After weighing,
PTFE filters that had been sampled in PM, 5 modules were prepared
for XRF analysis on an Epsilon 5 analyzer (Malvern Panalytical)
operated under vacuum. The samples were excited by X-ray gener-
ated from a 100 kV side window X-ray tube with a dual Scandium
(Sc)/Tungsten (W) anode, and the sample spectrum of X-ray counts
vs. energy were analyzed with the Epsilon 5 Software (Air Quality
Research Center 2020a). The filter mass differences divided by vol-
ume (flow rate X sampling time) were converted to PM concentra-
tions (ug/m?), and the elements in terms of counts/mV/s were
converted into areal densities, using element calibration factors. The
collected data were stored in the UC Davis IMPROVE database (Air
Quality Research Center 2020b).

Sample Collection and Extraction

At the conclusion of the exposure period, animals were measured
for body weights and then euthanized by exsanguination following
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deep anesthesia with 4% isoflurane (Southmedic Inc.) administered
at arate of 1.5 L/min. While anesthetized, rats’ blood was collected
from the heart using K,EDTA-coated tubes (BD Biosciences) via
cardiac puncture. Collected blood samples were put on ice immedi-
ately until centrifuged at 1,800 X g for 20 min. Plasma was pipetted
into individual microcentrifuge tubes and frozen at —80°C.
Immediately following cardiac puncture, animals were transcar-
dially perfused with 100 mL of cold 0.1 M phosphate buffered sa-
line (PBS; Gibco) at a rate of 15 mL/min using a Masterflex
peristaltic pump (Cole Parmer). The lung, heart, and spleen tissues
were removed and weighed using an analytical balance (Mettler
Toledo). The heart was transversely cut into three equal pieces
once harvested. The middle piece of each heart was embedded in
optimal cutting temperature compound (OCT; Sakura Finetek) for
frozen sectioning, and the remaining heart tissue was snap frozen
and stored at —80°C. Images of fresh entire lung were taken by an
iPhone 8 camera at 1 X magnification under the same condition im-
mediately after tissue harvest. The tissues were then snap-frozen by
liquid nitrogen and stored at —80°C. The spleen tissue was minced
into 2- to 4-mm pieces using a scalpel blade, incubated with red
blood cell lysis buffer (BioLegend) for 5 min, centrifuged at
500 X g for 5 min at room temperature and resuspended in PBS to
obtain the single-cell suspension for flow cytometry.

Tissue Elemental Analysis

Weighed, frozen lung samples were digested with 0.5 (<100 mg) to
1 mL (>100 mg) of concentrated nitric acid (trace metal grade,
Fisher) in Sarstedt polypropylene culture tubes (55.516 series,
Sarstedt Inc.). Blank samples were prepared with 0.5 mL nitric acid
using the same digestion method as the tissue samples. The tubes
were loosely capped and digested for 1 h at 90°C using a heating
block. After 24 h, samples were diluted 5 times to a final volume of
2,000 UL in 1% nitric acid. The diluted samples were vortexed
before analysis via inductively coupled plasma mass spectroscopy
(ICP-MS) measurement. All controls were prepared in triplicates
with a standardized calibration curve. Measurements and analysis
were conducted via ICP-MS performed using an Agilent 7700x
equipped with an ASX 500 autosampler. The system was operated
at a radio frequency power of 1,550 W, an argon (Ar) plasma gas
flow rate of 15 L/min, Ar carrier gas flow rate of 0.9 L/min.
Elements were measured with the kinetic energy discrimination
mode using Helium gas (4.3 mL/min). Semiquantitative data were
collected using a 2-point (0, 100 ppb (ng/g) calibration curve pre-
pared from an element standard (VHG-SM-68-1-100). To further
assess accuracy of the semiquantitative calibration curve, a National
Institute of Standards and Technology (NIST) reference standard
(water, SRM 1643f) was prepared. The detection limit of each ele-
ment is listed in Table S1. Elemental analysis was performed in the
Oregon Health & Science University’s (OHSU) Elemental Analysis
Core, Portland, Oregon, USA.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Frozen lung (right upper lobe) and heart (lower one-third) tissues
were homogenized in ceramic beaded tubes (Fisher Scientific)
using a Bead Mill 4 homogenizer (Fisher Scientific). Total RNA
was extracted from homogenized tissue using TRIzol reagent per
protocol provided by manufacturer (Fisher Scientific). Using
the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) according to manufacturer’s protocol, cDNA was
synthesized from total RNA via reverse transcription. Quantity and
quality of total RNA and cDNA were analyzed by spectrophotome-
try using Thermo Scientific™ NanoDrop™ One (ThermoFisher).
Quantitative PCR assays were conducted with 384-well plates
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(Applied Biosystems) using the standard comparative computed
tomography (CT) procedure performed at OSHU Gene Profiling
Shared Resource using a QuantStudio 12K Flex real-time instru-
ment. A panel of genes were selected for qRT-PCR based on previ-
ous publications to examine oxidative stress (including Sodl,
Sod2, Nrf2, Nos2, Hol, Gsr, Gpxl, and G6pd) (Sawyer 2011;
Vatner et al. 2015), inflammation (7nf, TIr9, Tir4, Nlrp3, Mcpl,
116, 111b, and Ifng) (Castro-Jorge et al. 2017; Kamo et al. 2013), fi-
brosis (Vim, Tgfbl, S100a4, Collal, and Acta?) (Kayalar et al.
2020; Ning et al. 2018; Travers et al. 2016), and aging (Myho,
Myh7, Atp2a2, Adcy5, Erccl, Igflr) (Goldfarbmuren et al. 2020;
Mao et al. 2018; Pandya et al. 2006; Yan et al. 2007) pathways in
the heart and lung tissues. All primers were designed using Real-
time qPCR assay tool and produced by Integrated DNA
Technologies, Inc. (O’Leary et al. 2016). Sequence of forward and
reverse primers are provided in Table S2. Relative mRNA expres-
sion was detected using the AACT method as described previously
(Rao et al. 2019) and normalized to the mean of reference genes
beta-actin or hypoxanthine phosphoribosyltransferase (Hprt)
(Svingen et al. 2015) in the lung and heart tissue, respectively. Fold
difference was used to compare the expression of target genes in
the TRAP group with thatin FA group.

Histology and Image Analysis

To evaluate fibrosis in the heart, OCT-embedded frozen heart tissue
samples (middle one-third) were transversely sectioned at 10 um
using a cryostat (Leica), adhered to charged slides (Fisher
Scientific), and kept at —20°C. Samples were then fixed in 10% for-
malin (Sigma-Aldrich) post sectioning. Collagen, muscle fiber, and
nuclei of all specimens were stained using Thermo Scientific™
Richard-Allan Scientific™ G6méri Trichrome (Blue Collagen) Kit
following the manufacturer’s provided protocol. Samples were
mounted using aqueous mounting media and imaged using the
Keyence BZ-X700 all-in-one fluorescence microscope using bright
field at 10 X objective magnification standard settings (Keyence).
Three sections 200 pm apart per tissue block were used for imaging.
Five fields per section were randomly selected for collagen positive
area analysis. Images were analyzed by two independent investiga-
tors who were blinded to the group information. Imagel (version
1.53, National Institute of Health) software was used to determine
the positive blue area as positive collagen accumulation, as previ-
ously described (Ohetal. 2011; Rao etal. 2014).

Cytokine Analysis

Plasma cytokines were measured using rat Multi-Analyte
ELISArray kits (Qiagen) that include 12 cytokines: Interleukin
1 alpha (IL-1a), Interleukin 1 beta (IL-1B) Interleukin 2, 4, 6,
10, 12 and 13 (IL-2, IL-4, IL-6, IL-10, IL-12, IL-13), Interferon
gamma (IFN-y), Tumor necrosis factor alpha (TNF-a),
granulocyte-macrophage colony-stimulating factor (GM-CSF),
and regulated on activation, normal T cell expressed and
secreted (RANTES) (Qiagen). Each plate measures six samples,
one positive control, and one negative control. Absorbance was
measured at 450nm and 570 nm using a CLARIOstar™ micro-
plate reader (BMG Labtech).

Flow Cytometry

As the largest lymphoid organ in the body and the main filter for
bloodborne antigens and inflammatory mediators, the spleen was
used for the detection of systemic inflammatory status by meas-
uring levels of macrophages and T cells in spleen tissue using
flow cytometry. In brief, single cell suspensions isolated from the
spleen tissue were stained with the following antibodies at 4°C
for 30 min: Pacific Blue™ anti-rat Antibody CD45 as immune
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cell marker, Mouse anti-Rat CD68 Alexa Fluor” 700 (Bio-Rad)
Antibody as a pan-macrophage marker, APC anti-rat CD163
Antibody as M2 macrophage marker, PE anti-rat CD80 Antibody
as M1 macrophage Marker for macrophage analysis; FITC anti-
rat CD62L Antibody and APC anti-rat CD4 Antibody and PE
anti-rat CD3 Antibody were used for T-cell analysis. All antibod-
ies except CD68 were purchased from BioLegend. Zombie
Aqua™ Fixable Viability Kit (BioLegend) was used for viability
testing. After washes, the samples were analyzed on a CytoFlex
Flow cytometer (Beckman). FlowJo software (version 10.7,
FlowlJo) was used for the data analysis.

Statistical Analysis

Data are expressed as mean =+ standard error of the mean (SEM)
unless otherwise noted. Two-way analysis of variance (ANOVA)
followed by Sidak’s multiple comparisons test or Student’s 7-test
was used to compare the means among FA and TRAP in both
female and male rats, using GraphPad Prism software (version 7;
GraphPad Software Inc). Statistically significant values were con-
sidered at p < 0.05.

Results

Exposure Design, Particles Concentration, and
Characterization

Both female and male rats were bred at UC Davis. At the age of 28
d, the 24 rats (12 males and 12 females) were randomly divided
into two groups/sex and exposed to traffic-related air pollution
(TRAP) or filtered air (FA) for 24 h/d (6 male and 6 female rats per
group), 7 d/wk, for a total of 14 months in an exposure facility adja-
cent to a heavily trafficked tunnel in Northern California. Air was
collected from above the eastbound exit of the tunnel bores contin-
uously without any modification for the TRAP group, whereas am-
bient air was drawn from surrounding the facility and filtered for
the FA group. Concentrations of PM, 5 in pg/m? during the contin-
uous 14 months of exposure period were calculated using a gravi-
metric method. The average concentration of PM,s during
exposure was 11+ 7.4 pug/m? in TRAP group vs. 2.4 + 1.7 ug/m?
in FA group as determined by gravimetric analysis using
IMPROVE samplers (n=112). Day-of-week averages of PM; s
and total suspended particle (TSP) concentrations in the TRAP
group over the final 3-month period are illustrated in Figure 1A.
Overall, PM; 5 made up over half of the total suspended particles
[57% + 10 % for mean + standard error of the mean (SEM)] mass
concentration per pg/m?. Both crustal elements (sodium, magne-
sium, aluminum, silicon, sulfur, chlorine, potassium, calcium, iron,
and barium) and traffic related metals (titanium, chromium, manga-
nese, copper, zinc, bromine, strontium, zirconium, tin, and anti-
mony) were substantially higher in the mass fraction of PM; s in
comparison with FA in Figure 1B. Carbon mass concentration was
also higher in PM; 5 of TRAP in comparison with FA (Figure S2).

Body Weight and Tissue Weights in Male and Female Rats
after 14-Month Exposure to TRAP

At the end of exposure, whole body, lung, heart, and spleen of all
rats were weighed, shown in Figure 2. There was a significant dif-
ference in body weight between FA-exposed and TRAP-exposed
male rats (463.5 +13.0 vs. 501 +12.3 g, p=0.02; FA vs. TRAP)
but not in the female rats (258.6 +5.4 vs. 273.3+5.8 g, p=0.51;
FA vs. TRAP) (Figure 2A). To compare the tissue weights between
FA and TRAP groups, tissue weights were normalized by body
weight for each individual rat. Female rats had higher tissue to
body weight ratios (p <0.001) in the lung (Figure 2B) and heart
(Figure 2C), and lower spleen to body mass ratio (p <0.001;
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Figure 1. Average PM, 5 concentrations and crustal or traffic related metals in the mass fraction of PM, 5. (A) Daily measurements of filters were collected
directly upstream of exposure chambers at the Facility for Roadway Air Pollution Exposure (FRAPE) for a total of 3 months prior to the 14-month study end
date. Averages of PM mass concentrations were determined via gravimetric analysis in accordance with the Interagency Monitoring of Protected Visual
Environments (IMPROVE). The weekly average ratio of TRAP/FA PM; s concentration was 44 +4. The TRAP ratio of PM; 5 TSP was 0.57 +0.1. n=4 for
each data point (TRAP TSP, TRAP PM, s FA TSP, and FA PM;5) on each day of the week (Sunday—Saturday). (B) 24-h average concentrations of crustal
elements that derived from soil and other clay forming minerals and traffic related metals that derived from multiple sources including asphalt, brake, and tire
wear measured by X-ray fluorescence elemental analysis over the last 3 months of exposure. Left Axis: Elemental mass concentration of PMy s in pg/m?;
Right Axis: average percentage of total PM; s concentration. n=10. The exact mean and SEM values for data presented here can be found in Tables S3-S4.
Note: FA, filtered air; PM, particulate matter; SEM, standard error of the mean; TRAP, traffic-related air pollution; TSP, total suspended particle.

Figure 2D) compared with male rats in both FA and TRAP cohorts. TRAP Deposition in the Lungs of Rats after Exposure

However, there were no differences in normalized tissue weights
between the FA and TRAP groups, suggesting that TRAP exposure
did not affect the weights of lung, heart, and spleen (Figure 2B-D).

Environmental Health Perspectives

127003-5

After exposure, black nodules were observed in the lung biopsy of
animals exposed to TRAP in both female (Figure 3A, b and c) and
male rats (Figure 3A, e and f) compared with FA exposed rats
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Figure 2. Comparison of body weight and normalized tissue weights in both female and male rats exposed to FA or TRAP. After 14 months of exposure to
FA or TRAP, body weights (A), percentage of body weight for lung tissue (B), heart tissue (C), and spleen tissue (D) were measured in both male and female
rats. Two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used for statistical analysis. Mean + SEM; n=6. The exact
mean and SEM values for data presented here can be found in Table S5. Note: FA, filtered air; SEM, standard error of the mean; TRAP, traffic-related air pol-

lution. *p < 0.05, “p <0.01, **p <0.001.

(Figure 3A, aand d). The area of nodules normalized by pleural area
was then measured independently in all the groups using ImagelJ
(version 1.53, National Institute of Health) software by two investi-
gators who were blinded to group information. Both female rats
(0.03% +£0.01% vs. 0.51% + 0.08%, p < 0.01; FA vs. TRAP) and
male rats (0.01% +0.02% vs. 0.47% +0.19%, p<0.01; FA vs.
TRAP) exhibited a significant higher black pigment/pleural area
percentage in the lung tissues (Figure 3B).

Elemental Analysis of Lung Tissues

Next, lung tissue was digested for the detection of 65 elements via
semiquantitative analysis by ICP-MS. Compared with FA group,
TRAP-exposed lung tissue had a significant (p < 0.05) higher con-
centration of carbon (Figure 4A), magnesium (Figure 4C), phos-
phorus (Figure 4D), sulfur (Figure 4E), chromium (Figure 4F),
iron (Figure 4G), nickel (Figure 4H) and bromium (Figure 41) in
the female, but not in the male rats. In contrast, a significantly
higher amount of nitrogen was discovered only in the male lung

A

Female

Male

tissue (Figure 4B). The other elements in the 65-element panel we
tested were either nonsignificant or undetectable (Table S1).

Oxidative Stress and Inflammation Markers in Lung Tissues
after TRAP Exposure

To examine the effect of TRAP exposure on oxidative stress and
inflammation in the lung tissue, a panel of oxidative stress and
inflammation related genes were examined by quantitative real-
time PCR (qRT-PCR). The main genes of the antioxidant network
include the superoxide dismutases (Sod), the glutathione pero-
xidases (Gpx), nuclear factor erythroid 2-related factor 2
(Nrf2), glucose-6-phosphate dehydrogenase (G6pd), and heme
oxygenase-1 (Hol) (Han et al. 2008). After 14 months of TRAP
exposure, Nrf2 and Sod2’s gene expression was significantly lower
in the lung tissue of female rats only (Figure 5A). Hol’s gene
expression was higher in the lung tissue of male rats (Figure SA).
Major inflammatory cytokines and chemokines such as interferon
gamma (/FN-vy), toll-like receptors (TLRs), interleukins (IL-6 and
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Figure 3. Macroscopic view of black nodules in the lungs after chronic exposure. (A) Representative lung images of FA-exposed female rats (a), TRAP-
exposed female rats (b), FA-exposed male rats (d), and TRAP-exposed male rats (e) were selected; (c) and (f) are enlarged images of the white rectangle in fig-
ure (b) and (e), respectively. White arrowheads show black nodules found on surface of lung tissues. (B) Statistical analysis was shown in the bar graph. Two-
way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used for statistical analysis. Mean + SEM; n=6 The exact mean and
§EM Valuﬁs for data presented here can be found in Table S6. Note: FA, filtered air; SEM, standard error of the mean; TRAP, traffic-related air pollution.
p<0.05"p<0.01.

Environmental Health Perspectives 127003-6 128(12) December 2020



A 12¢ B C
77 FA
250000 4T b
s E”zoooooo— s
£ 200000- =t £ 100-
5 T 2 5
& 1500001 Z - B
‘§ é § £ 1000000 <
g N & g o
8 100000+ é % o 8
ZIN
50000~ % & od o
Female Male Female Male
D E 348S F
FA 7
TRAP 500+
2000- |
= a = 800 < o1
£ = 3
§ 15004 = S 600 § 300-
£ < £ 200-
§ 10004 § € 00 g
o \ © S 100-
N
500 T 2001= - o
Male Female Male
G H 60 Ni I 6_FAmBr
150K TRAP
— 1504 - - | — o o
E 3 100 Eof© ‘. I
S 1004 S 8 0
3 5 E N
S 5ol g 501 £ \
3 2 © \
o o %
0~ 0- 0- &

Female Male

Female Male

Female Male

Figure 4. Elemental analysis in the lung tissues after exposure. A total of 65 elements, including carbon, nitrogen, phosphorus, sulfur, chromium, iron, and
nickel, were measured in the lungs of FA- and TRAP-exposed rats. A detailed summary of all 65 element levels can be found in Table S1. (A) Carbon levels
in lung tissue in mg/L. (B) Nitrogen levels in lung tissue in mg/L. (C) Magnesium levels in lung tissue in mg/L. (D) Phosphorus levels in lung tissue in
mg/L. (E) Sulfur levels in lung tissue in mg/L. (F) Chromium levels in lung tissue in pg/L. (G) Iron in lung tissue in pg/L. (H) Nickel in lung tissue in pg/L.
(I) Bromine in lung tissue in pg/L. Two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used for statistical analysis.
Mean + SEM; n=6. The exact mean and SEM values for data presented here can be found in Table S1. Note: FA, filtered air; SEM, standard error of the

mean; TRAP, traffic-related air pollution. *p <0.05.

IL-1pB), and monocyte chemoattractant protein-1 (MCP-1) were
also examined for inflammation in the lung tissue after exposure.
Surprisingly, no significant difference of inflammatory gene
expression was observed after exposure to TRAP in both male and
female rats (Figure 5B). Overall, there were minimal changes in
tested genes in both oxidative stress and inflammation pathway in
the lung tissue after exposure. Relative gene expression and
p-value of each gene in the lung tissues of both male and female
rats exposed to FA or TRAP are summarized in Table S7.

TRAP-Induced Sex-Specific Responses in the Heart Tissue

In addition to oxidative stress and inflammatory genes, both fi-
brosis and aging-related genes were evaluated in the heart via
qRT-PCR (Figure 6 and Table S8). As shown in Figure 6A,
glutathione-disulfide reductase (Gsr), a crucial component of cel-
lular antioxidant defense via free radical uptake and xenobiotic
metabolism,(Deponte 2013) was significantly higher in females
after exposure. In contrast, Hol, an important antioxidant
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implicated in protection against atherogenesis (Araujo et al.
2012), was significantly higher in male hearts. No statistically
significant difference was observed in other genes evaluated in
both females and males, though there was a trend of higher gene
expression of G6pd and Nrf2 in females (Figure 6A).

Inflammation related genes were higher in both male and
female hearts after exposure (Figure 6B). These genes included
significant higher expression of cytokines interferon gamma
(IFN-y), IL-6, and tumor necrosis factor alpha (TNF-o).
Expression of Ifng was higher in both male and female hearts.
IL-6 and TNF-o were higher in female hearts only after TRAP
exposure. Both females and males had a higher expression of
NLR family pyrin domain containing 3 (Nlrp3) and Toll-like re-
ceptor 4 (Tlr4). Although not statistically significant, there was a
trend for genes of Mcpl and Tnfo to be higher by TRAP expo-
sure in male hearts.

The expression of fibrosis related genes was then examined in
the heart (Figure 6C) and lung (Figure S3) tissues. No difference
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Figure 5. Expression of oxidative stress and inflammation-related genes were
examined in the lung tissues by qRT-PCR. (A) Fold difference of oxidative
stress-related genes in lungs from both female and male rats exposed to FA or
TRAP. (B) Fold difference of inflammatory genes in lungs from both female
and male rats exposed to FA or TRAP. Fold differences in gene expression
were calculated by delta delta CT (cycle threshold) method (2725CTy ALl gene
expressions were normalized by expression of housekeeping gene beta-actin
and FA group was used as a reference group when calculating the AACT
values. The formulas are: ACT=CT (gene of interest) — CT (beta-actin);
AACT = ACT (TRAP) — ACT (average of FA); Fold gene expression=
2/~ AACt Two-way analysis of variance (ANOVA) followed by Sidak’s multi-
ple comparisons test was used for statistical analysis. Mean + SEM; n=6 The
exact mean and SEM values for data presented here can be found in Table S7.
Note: FA, filtered air; SEM, standard error of the mean; TRAP, traffic-related
air pollution. *p < 0.05.

was observed in the male hearts, whereas most of the tested genes
were higher in the female hearts after TRAP exposure. Gene
expression of smooth muscle aortic alpha-actin (Acta2), collagen,
type I, alpha 1 (Collal), S100 calcium-binding protein A4
(8100a4), transforming growth factor-beta (Tgfbl) were higher
only in female rats. Type III intermediate filament protein (Vim)
was not significantly different, but there was a trend for it to be
higher in TRAP-exposed animals (p=0.06). In contrast, the
expression of fibrosis related genes in the lungs was not signifi-
cantly different between the TRAP and FA groups in the lungs of
TRAP-exposed females, whereas Collal was higher in the lungs
of TRAP-exposed males (Figure S3).

Both insulin-like growth factor-1 (/gflr) and excision repair
cross-complementation group 1 (Erccl) were significantly higher
in female, but not in male, hearts following TRAP exposure, as
shown in Figure 6D.

Collagen Accumulation in the Heart of TRAP-Exposed
Females

Because qRT-PCR results showed a higher level of fibrosis-related
gene expression in the females only, we measured collagen
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accumulation in the heart using Gomori Trichrome staining. As
shown in Figure 7A, the collagen fibers were stained as blue to differ-
entiate from the heart muscle, which was stained as red. The collagen
positive area was then calculated and normalized by tissue area to
compare the collagen accumulation in the hearts in Figure 7B. In con-
cordance with the qRT-PCR result, only females displayed signifi-
cantly more collagen accumulation (mean + SEM: 8.26% =+ 0.58%
vs. 14.27% + 1.35%, p < 0.01; FA vs. TRAP) in the heart in response
to TRAP exposure.

Systemic Immune Responses in the Female and Male Rats
after TRAP Exposure

To investigate the effect of TRAP exposure on systemic inflam-
mation, 12 cytokines/chemokines in plasma were measured via
enzyme-linked immunosorbent assay. We also used flow cytome-
try to measure inflammatory cell populations in the spleen, the
largest secondary lymphoid organ. Inflammatory cytokines in cir-
culation are important mediators that induce the systemic inflam-
mation in air pollution exposure. After 14 months of TRAP
exposure, the levels of proinflammatory cytokines TNF-o, IFN-vy,
and interleukin 1o(IL-10t) were higher in the plasma of female
rats, whereas there was a higher level of proinflammatory cyto-
kine IL-1f and a lower expression of anti-inflammatory cytokine
IL-10 in the male rats (Figure 8A and 8B).

Flow cytometry analysis of the spleen in males (Figure 8C
and 8D) showed a significantly higher levels of M1 macrophages
and a significantly lower level of M2 macrophages after TRAP
exposure. T-cell populations were not significantly different in
males or females (Figure 8E). In contrast, neither M1 nor M2
macrophages were higher in TRAP-exposed females (Figure 8C
and 8D). Males exhibited a significant enhanced overall innate
immune response in comparison with females as evidenced by
the significantly higher M1 macrophage populations.

Discussion

Humans are increasingly exposed chronically to anthropomorphic
sources of air pollution worldwide (Shaddick et al. 2020). TRAP is
a dynamic pollutant whose concentration, source, and components
can vary drastically over the course of a single day (Manning et al.
2018; Zhang and Batterman 2013). Examination of the health
effects of TRAP exposure, especially chronic exposures, is impor-
tant and biologically relevant because people frequently commute
and live near highways and freeways. Tunnel exposure represents
direct traffic exposure for people commuting frequently. It has also
been used as a well-recognized model to mimic near roadway resi-
dential exposure (Kuykendall et al. 2009), although the compo-
nents and concentrations of pollutants in residential areas near
roadways vary depending on the traffic load, topography, meteor-
ology, and distance from the roadway. This study used a real-world
24 h TRAP exposure based on actual traffic patterns and emissions.
Animals were exposed to a biologically relevant mixture, fre-
quency, and concentration of TRAP, providing a better model to
begin evaluating the risk TRAP has on individuals who live near
highways and those who commute frequently.

There have been several studies using tunnel traffic as a model
to assess the characterization of traffic pollutants and their health
effects, with average concentrations ranging from 24.9 to
793 pug/m? for PM, 5 (Ding et al. 2016; Emmerechts et al. 2012),
from 93.8 to 1,221 pg/m? for PMy (Ding et al. 2016; Emmerechts
etal. 2012), from 230 to 313 (Larsson et al. 2010) pg/m? for NO,
(Larsson et al. 2007, 2010; Svartengren et al. 2000), and from 711
to 874 pg/m? for NO (Larsson et al. 2007, 2010), depending on the
location of these facilities. The effect of TRAP exposure largely
depends on the location, concentration, and exposure duration.
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Figure 6. Expression of genes mediating oxidative stress, inflammation, fibrosis, and aging in female and male hearts of rats exposed to FA or TRAP. (A) Fold
difference of oxidative stress-related genes in hearts of both female and male rats exposed to FA or TRAP. (B) Fold difference of inflammatory genes in hearts of
both female and male rats exposed to FA or TRAP. (C) Fold difference of fibrosis-related genes in hearts of both female and male rats exposed to FA or TRAP.
(D) Fold difference of aging-related genes in hearts of both female and male rats exposed to FA or TRAP. Fold differences in gene expression were calculated by
delta delta cycle threshold (CT) method (274€T). All gene expressions were normalized by expression of housekeeping gene Hrpt and FA group was used as a
reference group when calculating the AACT values. The formulas are: ACT =CT (gene of interest) — CT (Hrpt); AACT = ACT (TRAP) — ACT (average of FA);

Fold gene expression=2"~2AC

!, Two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used for statistical analysis.

Mean + SEM; n = 6. The exact mean and SEM values for data presented here can be found in Table S8. Note: FA, filtered air; SEM, standard error of the mean;

TRAP, traffic-related air pollution. *p <0.05 *p <0.01.

Enhanced asthmatic reactions were observed after acute exposure
(30 min) to tunnel air in Stockholm, Sweden (Svartengren et al.
2000). Similarly, Larsson et al. observed more asthmatic symp-
toms (Larsson et al. 2010) and a greater airway inflammatory
response (Larsson et al. 2007) in a small group of individuals
exposed to tunnel air acutely for 30 min to 2 h. In contrast, no overt
pulmonary or systemic inflammation were observed when Fisher
rats were continuously exposed to roadside and diesel engine
exhaust particles for 25 to 28 d (Gerlofs-Nijland et al. 2010).
However, long-term exposure at a low concentration and sex effects
on cardiopulmonary and immune system have not been previously
examined. Previous animal studies that have examined TRAP expo-
sure have primarily been conducted on male animals. Male physiol-
ogy is widely understood to be different from female physiology
regarding absorption, distribution, metabolism, and elimination.
This distinction is critical because mounting evidence indicates that
sex differences may mediate different diseases and outcomes after
exposure to various pollutants (Gochfeld 2017; Vahter et al. 2007).
Indeed, we found different pathophysiological responses to TRAP
exposure between male and female rats in the current study.
Research has shown that, overall, female adults are more at risk of
asthma (de Marco et al. 2000) due to lung capacity, airway size,
flow rate, and other factors. In our study, we found that levels of
eight metal elements such as iron and magnesium from fossil fuel
combustion and tires were higher in the lungs from TR AP-exposed
females, whereas levels of only one element were higher in the
TRAP-exposed male lungs. Female rats were also more susceptible
to TRAP-induced cardiac fibrosis, oxidative stress, inflammation,
and aging. The current study has also revealed that female rats had a
greater organ to body weight percentage than males in regard to
both lungs and hearts, illustrating a key difference in physiology
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based on sex (Clougherty 2010). Adolescent male mice have been
shown to have more visceral fat after exposure to PM, 5 (Xu et al.
2010). Although this study did not examine visceral fat of animals,
male rats in our study did have a significantly higher body weight af-
ter TRAP exposure, unlike females, thus contributing further evi-
dence that TRAP may promote obesity in males.

In our study, black nodules were found in lungs of TRAP-
exposed rats. This observation is consistent with the finding that
pollutant deposition was found in the pleural surface of lungs from
individuals with chronic traffic exposure in Sao Paulo, Brazil
(Takano et al. 2019), suggesting that the black nodules found in our
study were depositions of insoluble TRAP constituents from the
inhaled air. Although it is important to examine the elemental
health impacts to gain insight into how each component may con-
tribute to disease, the chemical constituents of TRAP are complex
(Lough et al. 2005), and analyzing single components will miss
potential synergistic effects. We thus took the TRAP approach but
acknowledge that this study could not distinguish the biological
mechanisms of each pollutant found in TRAP. Because studies
have found toxicological differences between male and female
uptake of various elements and metals, it is important to evaluate
uptake and health outcomes based on sex (Wilbur et al. 2012). One
important example is that females freely uptake divalent transition
metal ions and other metals, especially during reproductive age
due to anemia (Lee and Kim 2014). This uptake is particularly
observed with iron, which has been found to catalyze reactive
species leading to atherogenesis (Alissa and Ferns 2011). In this
study, metals such as iron and magnesium from both fossil fuel
combustion and from tires on roadways (Grigoratos and Martini
2015; Vouk and Piver 1983; Zhou et al. 2014) were found to be
higher in female, but not male, lung tissue after TRAP exposure,
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Figure 7. Gomori trichrome staining in hearts from rats exposed to FA or TRAP. (A) Representative 40 X objective bright-field images show distribution of
collagen (blue) in heart tissue of FA and TRAP-exposed rats. Muscle fibers were stained as red color. (B) Statistical analysis of collagen accumulation in heart
normalized by tissue area. Two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparisons test was used for statistical analysis.
Mean + SEM; n=6. The exact mean and SEM values for data presented here can be found in Table S9. Note: FA, filtered air; SEM, standard error of the

mean; TRAP, traffic-related air pollution. **p <0.01.

despite the deposition of insoluble TRAP constituents (black nod-
ules) being similar in TRAP-exposed males and females. These
data suggest that females are more efficient in taking up various
elements and metals, which may have contributed to the oxidative
stress and inflammation found in female heart tissue. Additionally,
chromium, which is generated from fossil fuel combustion, was
found to be only slightly higher in TRAP but was found to be sig-
nificantly higher in female lung tissue post exposure. Despite a
slightly higher level of chromium in TRAP in comparison with the
FA group, one study showed that females were more sensitive to
inhalation of chromium than males (Wilbur et al. 2012) and may
have contributed to cardiac fibrosis. In this study, high levels of
nickel were found in female lung tissue. This information is critical
because research has correlated high levels of nickel, found in
TRAP from fossil fuel combustion, with adverse health impacts in
humans (Figueroa et al. 2006) and in an animal study, which
showed that a high level of nickel was associated with changes in
heart rate and variability (Lippmann et al. 2006).

Despite the deposition and elemental analysis, mRNA levels
of oxidative stress and inflammation-related genes were rela-
tively unchanged. RT qPCR analysis showed a lower expres-
sion in Nrf2, which controls expression of antioxidant response
elements (ARE) to regulate resistance to free radicals/oxidants
(Nguyen et al. 2009), and Sod2, which binds to the superoxide
and converts it to hydrogen peroxide and oxygen (Sawyer
2011), in female rats. Lower expression of these critical antioxi-
dant related genes can lead to enhanced systemic oxidative
stress. Our findings that there were less or minimal differences
in oxidative stress or inflammation-related genes may be
explained by the real-world TRAP exposure level in this region
of California, which was at or below the National Ambient Air
Quality Standard of 12 pg/m?® (U.S. EPA 2013) in marked con-
trast to many preclinical studies of air pollution. The average
PM, 5 concentration in our study was 12 pg/m3, whereas most
of the previous studies used concentrated ambient air PM or
diesel exhaust particulate, which are usually 6- to 10-fold
higher (Rao et al. 2019; Wold et al. 2012; Xu et al. 2010).
These results suggest that the toxicity of TRAP might be dose-
dependent, and exposure levels as low as 12 pg/m?® may still
cause systemic oxidative stress and inflammation. Another pos-
sible reason for the low levels of oxidative stress and inflamma-
tion found in the current study is that the animals were exposed
for 14 months, and exposure to chronic, constant, low level of
TRAP may either trigger compensatory mechanisms or exhaust
the oxidative stress/inflammatory response.
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Cardiac remodeling characterized by fibrosis is one of the major
pathological mechanisms for cardiac dysfunction (Wold et al.
2012). Concentrated ambient PM, 5 exposure was associated with
enhanced cardiac fibrosis and cardiac dysfunction characterized by
decreased fractional shortening and reduced diastolic function in
mice (Wold et al. 2012). In a mouse study, it was shown that PM s
exposure enhanced angiotensin II-induced cardiac hypertrophy and
collagen deposition by activating cardiac and vascular RhoA/Rho-
kinase (Ying et al. 2009), a pathway closely related to oxidative
stress (Sun et al. 2008). In those previous studies, animals were
exposed to high concentrations of PM; 5 (concentrated fine PM) but
only male mice were used. In our study, we found that chronic expo-
sure to real-world TRAP levels promoted cardiac fibrosis in female
but not male rats. Inflammation and aging pathways have also been
shown to mediate the process of fibrosis in air pollution exposure
(Johannson et al. 2015). Reactive oxygen species (ROS), either
directly from air pollutants such as Oz, NO,, and certain compo-
nents in PM; s or endogenously generated from pollutant-elicited
biological processes, may facilitate the clearance of pollutants and
recovery from tissue damage in early stages. Kagan et al. demon-
strated that the digestion of exogenous carbonaceous nanoparticles
by macrophages requires NADPH oxidase 2 (Nox2) (Kagan et al.
2014). When the production of ROS exceeds the clearing capacity
of antioxidative system, excessive ROS results in tissue damage and
subsequent repairing processes, such as inflammation and tissue
remodeling/fibrosis. In support of this, a recent study showed that
air pollution—-induced oxidative stress contributes to cardiac colla-
gen accumulation and fibrosis. Deficiency of antioxidative Nrf2 dra-
matically exacerbated air pollution-induced cardiac fibrosis and
cardiac dysfunction in mice (Ge et al. 2020). In addition to oxidative
stress, inflammation and telomere shortening are also important
pathways mediating the adverse effects of air pollution on pulmo-
nary fibrosis (Johannson et al. 2015). In this study, we found that the
expressions of genes involved in oxidative stress (Hol and Gsr),
inflammation (Tnf, Tlr4, Nlrp3, 116, and Ifng), and aging (IgfIr and
Erccl) were higher in TRAP-exposed animals, especially in
females. These results indicate that oxidative stress, inflammation,
and aging may play arole in TRAP-induced cardiac fibrosis.

Recent epidemiological studies indicate females exposed to
TRAP present more adverse health effects than males (Clougherty
2010; Franklin et al. 2007; Kim et al. 2019; Stockfelt et al. 2017).
Long-term exposure to air pollution has been linked to a higher
incidence of cardiovascular events in women (Clougherty 2010;
Stockfelt et al. 2017), and our findings complement epidemiologi-
cal studies because female rats exhibited more severe heart
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Figure 8. Systemic immune responses in both female and male rats after
TRAP exposure. (A) and (B), Twelve cytokines/chemokines, including inter-
leukins, IFNy, TNFa, GM-CSF, and RANTES were tested in the plasma of
both female (A) and male (B) rats by enzyme-linked immunosorbent assay.
Comparison of fold difference (TRAP/FA) was shown in the figure.
Student’s z-test was used to compare the difference between FA and TRAP
group for each cytokine in both female and male rats. (C-E) Cells were iso-
lated from spleen, stained with macrophage and T-cell markers, and detected
by flow cytometry. Percentage of CD45*CD68*CD80" M1 (classically acti-
vated macrophages), CD457CD68TCD163* M2 (alternatively activated
macrophages), and CD3"CD4"CD62L~ T cells (activated T cells) in total
macrophages and T cells were presented in both female and males. Two-
way analysis of variance (ANOVA) followed by Sidak’s multiple compari-
sons test was used for statistical analysis. Mean + SEM; n=4 — 6. The exact
mean and SEM values for data presented here can be found in Tables S10—
S11. Note: FA, filtered air; SEM, standard error of the mean; TRAP, traffic-
related air pollution. “p < 0.05.

pathology following TRAP exposure. Female rats had significantly
higher cytokine and innate immune responses after exposure to
TRAP indicating higher levels of inflammation in heart tissue.
Cardiac fibrosis in females exposed to TRAP was further con-
firmed via trichrome staining showing more collagen deposition,
which usually is a consequence of chronic insult to the myocar-
dium (Hinderer and Schenke-Layland 2019). These results were in
contrast to those from the males, which showed no difference in
expression of genes for fibrogenesis or collagen deposition. This
difference may be because the antioxidant Ho/ was higher in male
heart tissues, which may have provided a cardio-protective effect
(Wang et al. 2010) against TRAP-induced cardiac injury.
Consistent with this suggestion, anti-inflammatory cytokine IL-10
was higher in the plasma of male rats after TRAP exposure. IL-10
has been shown to have an immunosuppressive effect inhibiting
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the synthesis of both IFN-y and TNFa (Cyktor and Turner 2011),
both of which were higher in female plasma but not in male rats.
These results indicate that males may have better compensatory
ability against TRAP-induced oxidative and inflammatory
response. In addition, low expressions of 7nf and /6 in male heart
tissues may also contribute to the gender difference in cardiac fi-
brosis. The expressions of Tnf and 116, both of which are suggested
to enhance fibrosis (Fielding et al. 2014; Nakahara et al. 2003;
Piguet et al. 1990; Pilling et al. 2015), were higher in the heart from
TRAP-exposed females, but not in males.

Evidence has shown that both innate and adaptive immune
response differ due to sex differences (Ruggieri et al. 2016), which
was directly observed in this study but not considered in many
other animal model air pollution studies. Although our study exam-
ined the adverse effects of real-world TRAP exposure on cardio-
pulmonary diseases and underlying oxidative and inflammatory
response, it had some limitations. First, because our system
exposed animals to unmodified real-world levels of TRAP, the
composition, concentration, frequency, and fluctuations found nat-
urally in real-world TRAP make it difficult to establish causal rela-
tionships between adverse effects and specific TRAP components.
For example, this study does not allow discernment of the relative
health effects particle vs. gaseous pollutants. Although PM derived
from vehicles is highly oxidative and toxic (Kelly 2003), the poten-
tial effect of gases such as NO, and secondary pollutants such as
sulfates and nitrates cannot be neglected. A recent epidemiologic
study on 3,920 individuals free from pre-existing cardiovascular
disease in the United Kingdom reported that a larger ventricular
volume as measured by cardiovascular magnetic resonance imag-
ing was associated with both PM; s and NO, concentrations (Aung
et al. 2018). In addition to PM and NO,, increased exposure to
SO,, CO, and secondary pollutant O3 was associated with cardiac
arrhythmia and stroke (Hong et al. 2002; Xu et al. 2019). Despite
its limitations on concise exploration of specific contribution of
each gaseous and particulate pollutant to disease, tunnel exposure
integrates the multifaceted and unique elemental makeup of TRAP
that individuals are exposed to daily. A second limitation is that
because this was a pilot study, the sample size was relatively small,
the histopathologic assessments were limited, and cardiopulmo-
nary function was not examined. Future studies are required to fur-
ther assess sex-specific effects of chronic TRAP exposure on
cardiopulmonary functions and histopathological changes. Third,
specific molecular mechanisms by which TRAP results in cardiac
pathological changes were not examined in this study. This aspect
could be addressed by exposing specific transgenic/knockout mod-
els or using pharmacological inhibitors in the future studies.
Finally, although no adverse effects related to age were observed in
the control group, animals were sacrificed at 15 months of age,
near the end of their biological lifespan, and therefore TRAP may
have exacerbated the development of naturally progressing dis-
ease, including cardiopulmonary disease and cancer, adding
another confounding variable to this study.

In conclusion, this study adds additional evidence to the
growing body of epidemiological air pollution research associat-
ing females with exhibiting greater cardiopulmonary effects, par-
ticularly those exposed chronically to TRAP. Females overall
may be considered a more vulnerable population regarding car-
diopulmonary diseases. Examination of female-specific and sex-
different mechanisms of air pollution exposure is not yet explored
in many air pollution studies and should receive increased scru-
tiny. Future directions could evaluate the role of hormones and
sex differences on air pollution toxicity and greater analysis of
the constituents and whole-body effects of TRAP. These findings
elucidate the need for gender- or sex-based analysis in further air
pollution research, particularly about ubiquitous, real-world,
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nonconcentrated, and chronic TRAP exposure, which can cause
significant systemwide negative health effects.
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