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1. ABSTRACT 
Epidemiologic research has suggested a statistical correlation between exposure to particulate matter 2.5 µm or 
less in diameter (PM2.5) and ozone (O3), and adverse health effects. Findings obtained from our recent 
investigation, “Co-Exposure to PM (UFPM) and O3: Pulmonary C Fiber Platelet Activation in Decreased HRV,” 
demonstrated that simultaneous exposure to a combination of ultrafine particulate matter (UFPM) 0.1 µm or less 
in diameter and O3 increases the biological potency of exposure, resulting in exaggerated pulmonary and cardiac 
patho-physiological responses compared to single pollutant exposure in mature adult rats with (spontaneous 
hypertensive, SH) and without (Wistar-Kyoto, WKY) cardiovascular disease (CVD). Our observations are 
consistent with an integrated response, which is initiated in the lung, and results in downstream hematological 
and autonomic nervous system responses that manifest in the heart as increased arrhythmias, decreased heart 
rate variability, and myocardial injury in mature adults with CVD. Importantly, this is the first study to provide 
direct evidence of air pollution exposure-induced myocardial injury in an animal model. The current study 
examined lung and heart tissue collected in our initial study to determine whether UFPM+O3; 1) induced 
myocardial ischemia and nonapoptotic cell death; 2) increased microthrombi in lung and heart; and 3) altered 
UFPM deposition and its relation to cellular antioxidant expression within the airways. While the time of tissue 
collection (8 hours post-exposure) and the method of fixation (airway) were appropriate for evaluating airway 
injury and inflammation in our initial study, they severely limited the ability to examine myocardial ischemia, 
nonapoptotic cell death, UFPM deposition as well as exposure-induced cellular antioxidant expression. Cardiac 
fibrosis was significantly greater in SH compared to WKY rats, but there was no exposure-related effect, 
indicating that the increased fibrosis is a marker of previous injury in SH rats. Microthrombi in the lungs and 
heart, assessed as fibrin-stabilized aggregates, were present in SH and WKY rats exposed to UFPM and 
UFPM+O3. UFPM+O3 resulted in more microthrombi with more severe vascular occlusion compared to UFPM; 
furthermore, SH rats had more microthrombi with more severe vascular occlusion with UFPM and UFPM+O3 

exposure compared to WKY rats. Our data indicates that simultaneous exposure to UFPM and O3 is increasingly 
toxic, eliciting stronger responses than that expected from exposure to O3 or UFPM alone; and further, CVD 
increases susceptibility to pollutant-induced thrombosis, which may contribute to UFPM+O3 induced myocardial 
injury we observed previously. This work improves scientific understanding of the adverse effects of 
simultaneous combined-pollutant exposure and provides novel insight into the association between ambient air 
pollution and increased cardiac mortality in mature adult individuals with CVD. This will aid CARB in developing 
and evaluating air pollution standards. 
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2. EXECUTIVE SUMMARY 
Background: Many observational and epidemiological studies have consistently demonstrated that exposure to 
particulate matter 2.5 µm or less in diameter (PM2.5) is associated with increased cardiovascular (CV) morbidity 
and mortality, especially in individuals with underlying cardiovascular disease (CVD). Short term (acute) PM2.5 
exposures have been associated with excess CV-related hospitalizations and deaths from myocardial ischemia, 
heart failure, and arrhythmias (1, 2). It has been proposed that ultrafine particulate matter (UFPM) 0.1 µm or less 
in diameter have greater adverse CV effects due to their large reactive surface area and their ability to penetrate 
the alveoli and translocate into the vasculature. To better understand of the mechanisms responsible for 
increased CV risk in older populations exposed to UFPM and the oxidant air pollutant ozone (O3) in combination, 
we examined the cardio-pulmonary pathophysiological responses of mature adult rats with (Spontaneous 
Hypertensive, SH) and without (normotensive Wistar-Kyoto, WKY) preexisting CVD (3). Data from this initial 
study is consistent with the simultaneous exposure to UFPM and O3 being increasingly toxic, eliciting stronger 
responses than that expected from exposure to O3 or UFPM alone; and with CVD increasing susceptibility to 
pollutant-induced lung and heart injury. The current study was undertaken to extend our observations and further 
aid the development of air pollution regulatory strategies. 
Objectives: The objectives of this study were designed to test the hypothesis, that O3 enhances the biologic 
potency of UFPM by promoting ROS production at the particle surface, altering UFPM chemical composition; 
exposure to which increases cellular antioxidant expression, and promotes platelet-leukocyte and platelet-
neutrophil interactions. Furthermore, mature adult SH rats are more sensitive to oxidants, and thus, more 
susceptible to microthrombi formation and myocardial damage following exposure. 
Methods: Pulmonary and cardiac tissue collected in our previous study from mature adult male WKY and SH 
rats were evaluated in this study. Rats were exposed to one of the following experimental atmospheres: filtered 
air (FA), 250 ug/m3 ultrafine particulate matter (UFPM), 1.0 ppm O3, or 250 µg/m3 UFPM and 1.0 ppm O3 

(UFPM+O3) simultaneously. This experimental design resulted in 8 groups of rats (2 rat strains x 4 experimental 
atmospheres = 8 groups). Each group consisted of 5-7 rats; a total of 50 rats were studied. We examined: 1) the 
cellular expression of JunB, an early marker of myocardial ischemia, and Nur77, a marker of nonapoptotic cell 
death, in order to determine whether UFPM+O3 induced cardiac lesions resulted from an ischemic event; 2) 
cardiac fibrosis as a marker of chronic injury using Masson’s trichrome histochemical staining: 3) microthrombi 
present in the heart and lung using phosphotungstic acid-hematoxylin histochemical staining; and 4) the 
relationship between UFPM deposition and cellular oxidative stress within the airways using hyperspectral 
imaging of lung tissue dual-stained for Nrf2-dependent phase II antioxidants hemeoxygenase-1 and superoxide 
dismutase. 
Results: Cardiac fibrosis was significantly greater in SH compared to WKY rats; however, there was no exposure 
related effect, indicating that the increased cardiac fibrosis is a marker of previous injury in SH rats. Microthrombi 
in the heart and lungs assessed as fibrin-stabilized aggregates were present in SH and WKY rats exposed to 
UFPM and UFPM+O3. UFPM+O3 resulted in more microthrombi with more severe vascular occlusion compared 
to UFPM. Furthermore, SH rats had more microthrombi with more severe vascular occlusion with UFPM and 
UFPM+O3 exposure compared to WKY rats. These observations support our previous observation that mature 
adult animals with pre-existing CVD are more susceptible to UFPM induced prothrombotic effects as assessed 
by platelet activation and at greater risk for vascular occlusion in the heart and lungs resulting from exposure to 
either UFPM or UFPM+O3. 
Conclusions: These data provide additional critical information regarding the risks of simultaneous pollutant 
exposure (UFPM+O3) in mature adults with underlying CVD as well as mechanisms of disease in these 
populations. Our data is consistent with the combined pollutant atmosphere being more toxic than would be 
expected from the responses elicited by O3 and UFPM alone and with chronic CVD increasing the susceptibility 
to pollutant-induced lung and heart injury. Using a rat model of CVD in mature adults this work improves the 
scientific understanding of the adverse effects of simultaneous combined-pollutant exposure and provides 
possibly important insight into the association between ambient air pollution and increased cardiac morbidity and 
mortality. This will aid CARB in developing and evaluating air pollution standards in the context of the 
exacerbated adverse cardiovascular events that are induced by the combined exposure to O3 and UFPM in 
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individuals with preexisting cardiovascular disease and highlights the need to develop an ambient air pollution 
metric that better predicts the adverse health effects induced by combined pollutant exposure. This might require 
targeted controlled human and animal exposure studies, as well as new epidemiology studies that focus on 
pollutant interactions and their effects on cardiovascular and other outcomes. 

3. BACKGROUND 
Older individuals with pre-existing cardiovascular disease (CVD) are more susceptible to air pollution, and at 
greater risk for cardiovascular (CV) events, including stroke, myocardial ischemia, infarction, and sudden death 
following short-term exposure (2, 4). Importantly, aging is widely accepted as a premier risk factor for CVD, thus 
the prevalence CVD will likely increase as the U.S. population ages. In fact, it is estimated that by the year of 
2030, nearly half of the U.S. adult population will have some form of CVD (5). Thus, air pollution is a growing 
threat to public health that will increasingly burden health care and economic resources. Therefore, better 
scientific understanding of the biologic mechanisms underlying the link between air pollution and CV events air 
pollution is required to limit future impacts. 
Air pollution is a complex heterogeneous mixture of particles and gases, arising from a wide range of sources. 
Of the major air pollutants, particulate matter (PM) and ozone (O3) are the most ubiquitous and strongly 
correlated with cardiopulmonary morbidities and mortalities (6-8). Although both PM and O3 affect the 
cardiopulmonary system (8), fine (PM2.5, aerodynamic diameter < 2.5 µm) and ultrafine particulates (PM0.1, 
aerodynamic diameter < 0.1 µm) are the most consistently associated with adverse health effects (9, 10). 
Atmospheric interactions between PM and O3 may have additive exposure-related health effects (11, 12). As a 
potent oxidant, O3 readily reacts with chemical constituents adsorbed onto the PM surface, specifically, polycyclic 
aromatic hydrocarbons (PAHs), yielding a complex mixture of reactive oxygen species (ROS), including hydroxyl 
radicals, aldehydes, carboxylic acids, and hydrogen peroxides, at the particle surface (13). Previous studies 
have demonstrated that ozonation of PM increases the biologic potency of exposure (14, 15). Because vehicular 
exhaust is the dominant contributor of atmospheric PM0.1 and PM2.5, as well as a primary source of O3, 
reactions between PM and O3 are particularly relevant in areas with high traffic. 
ROS generated from PM is implicated in the induction of oxidative stress; a key pathway by which PM exerts 
cardiovascular effects (16, 17). Oxidative stress occurs upon loss of homeostasis, where ROS generation 
overwhelms antioxidant defenses. At the cellular level, this results in cytotoxicity (18) and the activation of specific 
transcriptional pathways, including Nrf2, which is responsible for upregulating phase II antioxidant gene 
expression (19). These inducible antioxidant enzymes are critical for reducing intracellular ROS, and restoring 
cellular homeostasis. Critically, oxidative stress elicits and is induced by inflammatory processes; the two 
activities are biologically linked. Inhalation of PM, therefore, initiates both oxidative stress and inflammatory 
responses. The inflammatory response to PM is characterized by the production of pro-inflammatory and pro-
thrombotic cytokines, which ultimately, leads to the development of a pro-thrombotic state. Both human and 
animal studies have shown that inhalation of PM increases platelet activation, platelet-leukocyte and platelet-
monocyte interactions, as well as decreased fibrinolysis – all of which are predisposing factors for thrombus 
formation potentially resulting in stroke, myocardial ischemia, or myocardial infarction (20-22).  
Previous Findings (CARB Contract #13-311) 
We completed a study (3) designed to examine the upstream events associated with air pollutant induced CV 
adverse events. Mature adult rats with (Spontaneously Hypertensive; SH) and without (normotensive Wistar-
Kyoto; WKY) preexisting CVD were used in this study to mirror the epidemiologic data. Prior to the study, animals 
were instrumented with telemeters to enable the study of the electrocardiogram (ECG) while awake and 
ambulatory. Once animals recovered from surgery (two-week minimum) animals were exposed to either filtered 
air (FA), ~250 ug/m3 ultrafine particulate matter (UFPM), 1.0 ppm O3, or ~250 ug/m3 UFPM and 1.0 ppm O3 

simultaneously (UFPM+O3) for 6 hours followed by an 8-hour recovery period prior to euthanasia. ECG data 
were obtained through the exposure and recovery periods and evaluated for arrhythmias and alterations in heart 
rate variability (HRV). Both peripheral blood and tissues were obtained at the time of euthanasia for further 
analysis. Flow cytometry was used to determine platelet activation as well as platelet-white blood cell 
interactions; a reflection of systemic inflammation. Lung and heart tissue was histologically examined to 
determine if there were adverse effects associated with exposure. Results from this study were as follows: 
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• O3 reacts with polycyclic-aromatic hydrocarbons (PAHs) contained in combustion-derived UFPM to 
produce a potentially more toxic profile of oxidant-derived reaction products. 

• The co-pollutant UFPM+O3 atmosphere induced significantly greater changes in airway injury, 
inflammation, alterations of HRV, and arrhythmias than UFPM or O3 atmosphere alone in mature adult 
animals with or without CVD. 

• Mature adult animals with CVD are more susceptible to oxidant injury induced by O3 compared to age 
matched animals without CVD as indicated by greater inflammation, airway injury and alterations in HRV. 

• The co-pollutant UFPM+O3 atmosphere induced significantly greater changes in platelet activation, 
platelet microvesicles as well as platelet-white blood cell aggregation. These parameters lay the 
foundation for a pro-coagulant and pro-inflammatory systemic vascular environment. 

• Mature adult animals with CVD exposed to the co-pollutant UFPM+O3 atmosphere develop myocardial 
injury despite having similar changes in HRV, and arrhythmias as age-matched animals without CVD. 

• Evidence is consistent with an integrated response to the co-pollutant UFPM+O3 atmosphere that is 
initiated in the lung, results in downstream hematological and autonomic nervous system responses that 
manifests as increased platelet activation and arrhythmias, decreased HRV and myocardial injury in 
mature adults with CVD. 

Overall, our data from our previous study (3) strongly suggested that underlying CVD in mature adult populations 
may be an important factor in the response to exposure to O3 as well as to UFPM and O3. Notably, this was the 
first study to provide evidence of air pollution exposure-induced myocardial necrosis in an animal model. 
Objectives of Current Study (CARB Contract #17RD011) 
The objective of the present study was to better understand our previous findings and address the overall 
hypothesis that: O3 enhances the biologic potency of UFPM by promoting ROS production at the particle surface, 
altering UFPM chemical composition; exposure to which increases cellular antioxidant expression, and promotes 
platelet-leukocyte and platelet-neutrophil interactions. Furthermore, mature adult SH rats are more sensitive to 
oxidants, and thus, more susceptible to microthrombi formation and myocardial damage following exposure. 
Objective 1. Define the effect of O3 on the local relationship between particle deposition and cellular 
oxidative stress within the airways. 
Rationale: We previously demonstrated that UFPM+O3 induced greater airway injury and inflammation in WKY 
and SH rats compared to UFPM and O3 alone (3). To determine the impact of particulate deposition on injury 
and inflammation in the lung, particles and cellular antioxidant expression were investigated by examining their 
spatial proximity and organization. 
Approach: Enhanced darkfield microscopy complemented with a hyperspectral imaging system was used to 
examine lung tissue double-stained for Nrf2-dependent phase II antioxidants hemeoxygenase-1 (HMOX1) and 
superoxide dismutase-1 (SOD1), with the objective of visualizing the particles and cellular markers of oxidant 
stress and metabolism simultaneously, and evaluate their spatial proximity and organization. 
Objective 2. Characterize UFPM+O3 impact on microthrombi formation. 
Rationale: We previously demonstrated that UFPM+O3 induced changes in platelet activation, and platelet-white 
blood cell aggregation (3). However, it is unclear whether these changes lead to microthrombi stabilization and 
deposition in the lung and heart. 
Approach: We examined lung and myocardial tissue obtained from our previous study for microthrombi using a 
histochemical stain, phosphotungstic acid-hematoxylin (PTAH) to stain fibrin-stabilized aggregates. 
Objective 3. Define UFPM+O3 impact on myocardial injury. 
Rationale: We previously demonstrated that mature adult SH rats exposed to either UFPM alone or in 
combination with O3 displayed acute myocardial changes, including acute cellular necrosis, and 
hypercontractility (3). While these changes are often associated with ischemic injury, the nature of the injury was 
not assessed. 
Approach: To determine whether the previously observed cardiac lesions resulted from an ischemic event, we 
examined myocardial tissue obtained from our previous study for cellular expression of JunB, an early marker of 
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myocardial ischemia, and Nur77, a marker of nonapoptotic cell death. We also characterized cardiac fibrosis 
(CF), a marker of chronic injury associated with CVD progression, using Masson’s trichrome histochemical 
staining. 
4. METHODS 
Animals and housing. This study adheres to the Animal Research: Reporting of In Vivo Experiments guidelines 
for animal research (23). The Institutional Animal Care and Use Committee at the University of California, Davis 
approved this study following guidelines mandated by the U.S. Federal Government (24). Age-matched, mature 
adult male WKY and SH rats were delivered from the vendor (Envigo, Indianapolis, IN) and housed in filtered air 
in facilities approved by the American Association for Accreditation of Laboratory Animal Care. Rats were housed 
in a temperature- (22.0 ± 1.0°) and humidity-controlled (55.0 ± 5%) room with a 12 h light/dark cycle and air 
turnover 10 times per h. 
Telemetry implantation. Rats were acclimated for at least five days in vivarium following delivery prior to 
undergoing surgical procedures. Rats were fasted for a minimum of 12 h prior to surgery. Prior to surgical 
procedures, rats were placed in a 10 L glass chamber and anesthesia was induced using 5% isoflurane and 
maintained through surgical procedures with 3-5% isoflurane (Abbott Laboratories, USA). A ~0.25 ml blood 
sample was obtained from a tail vein and analyzed for platelet and white blood cell counts. Rats were then 
treated with meloxicam (2 mg/kg, subcutaneous), a nonsteroidal anti-inflammatory for pain prevention, 
enrofloxacin (5 mg/kg, intramuscular), a fluoroquinolone antibiotic to prevent bacterial infection, and ophthalmic 
lubricant was applied to each eye. Abdominal, intercostal and femoral regions were shaved and skin surfaces 
were deeply scrubbed with a betadine solution to sterilize the area. Following injections, and at least 10 min prior 
to surgery, incision sites were treated with bupivacaine (5 mg/ml, total volume ≤ 0.25 ml), a local anesthetic for 
pain prevention. A 4-5 cm midline abdominal incision was made in the skin starting at the xiphoid and 
subcutaneous channels for the telemeter leads were formed using blunt dissection. A 2.0-2.5 cm incision was 
then made in the linea alba again starting at the xiphoid. A two-lead biopotential telemeter (TR50B Millar, Inc) 
was then placed in the abdominal cavity and secured to the lower abdominal wall using soluble suture. Incision 
in the linea alba was closed using monofilament suture and 10-15 cm of telemeter lead wire exited the closed 
incision near the xiphoid. Telemeter leads were secured using silk suture to the fascia covering the cranial portion 
of the sternum and the right eighth to tenth rib dorsal to the insertion of rectus abdominis. ECG signal quality 
was examined once telemeter leads were secured. These sites were chosen to minimize artifact associated with 
breathing and movement and produced a signal comparable to an aV2R ECG lead. Each procedure lasted ~45 
min. Rats were placed in a heated cage at ~37°C upon procedure completion, and then, individually housed in 
standard rat cages after their health condition was assured. Rats were monitored intermittently and administered 
analgesic therapies (see above) as well as buprenorphine (Buprenorphine [0.03 mg/kg], Par Pharmaceutical), 
an opioid narcotic for pain prevention, twice daily for two days following procedure. On the third day, if health 
condition was assured, rats were re-housed in vivarium, and monitored twice daily for the remainder of their 
recovery. Rats recovered for a minimum of two wks prior to undergoing experimental exposure. 
Experimental exposure protocol. Age-matched mature adult WKY and SH rats were randomly assigned to 
one of the four experimental exposure groups one wk prior to study. Baseline characteristics of each group were 
reported previously (25). On the day of study, rats were transferred into a standard rodent cage with an open 
wire mesh top with a perforated Teflon plate inserted ~1 inch above bottom of the standard cage. Rats were 
placed in exposure chamber at least 1 h prior to exposure protocol. Rats underwent a whole-body exposure to 
one of the following experimental atmospheres: filtered air, ~250 µg/m3 UFPM, 1.0 ppm O3, or ~250 µg/m3 UFPM 
and 1.0 ppm O3 (UFPM+O3) simultaneously. The experimental protocol was: (1) 1-hour FA control period, (2) 6-
hour exposure period, and (3) 8-hour FA recovery period. Immediately following recovery period (~8:00 am, 
PST), rats were anesthetized as described above (see Telemetry implantation), telemetry devices were 
removed, and animals were necropsied. Rats had ad libitum access to food (Laboratory Rodent Diet 5001, 
LabDiet, St. Louis, MO) and water throughout exposure protocol. Protocols began at ~5:00 pm (PST) and 
concluded the following morning at ~8:00 am (PST); standard vivaria ambient room temperature (~22°C) and 
12-hour light/dark cycle were maintained. 
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Particle generation and monitoring. Particles were generated using a co-annular premixed flame burner 
(illustrated in Fig. 1) (30). The burner consists of a 7.1- mm tube (inner diameter) surrounded by an 88.9-mm 
concentric outer tube (inner diameter) and is enclosed in a Pyrex tube to isolate the burner from ambient air. A 
mixture of ethylene, oxygen, and argon was metered through the inner tube using mass flow controllers (model 
647C flow control unit and model 1179A and M100B flow control valves, MKS Instruments, Andover, MA). A 
small flow rate of oxygen flowed through the outer annulus to stabilize the flame. The flame was shielded from 
room air by a curtain flow of nitrogen metered using a Fisher and Porter variable area flow meter (Andrews 
Glass, Vineland, NJ) and delivered around the circumference of the burner chamber. Filtered, dried air was 
added to the flow downstream of the flame, and all burner effluent passed through a heated 3-way catalyst to 
remove NOx and CO. Flame-generated particles were diluted with clean, high-efficiency particulate absorbing-
and chemical, biological, and radiological-filtered air, before entering the inhalation exposure chamber. Chamber 
CO levels were monitored using a Teledyne-API Model 300E CO analyzer (San Diego, CA) and was calibrated 
with an NIST traceable span gas of 202.4 ppm CO diluted in ultrapure air to 10 ppm CO for calibration (Scott-
Marrin Inc., Riverside, CA). Chamber NOx levels were monitored (Dasibi 2108 Chemiluminescence NOx 
Analyzer, Glendale, CA). PFP was collected directly from the exposure chamber for analysis though ports in the 
chamber wall. Particle number concentration was determined using a condensation particle counter (CPC, TSI 
model 3775, Shoreview, MN). Particle size distribution was determined using a scanning mobility particle sizer 
(SMPS) (model 3080 electrostatic classifier with model 3081 differential mobility analyzer) and a model 3020 
CPC (TSI). PFP mass concentration was determined by collecting particles from the chamber on glass fiber 
filters (Pallflex Emfab 47-mm filters, Ann Arbor, MI) placed in a filter housing (BGI, Waltham, MA). The sampling 
flow rate was set at 20 L/min air flow rate driven by a vacuum source downstream of the flow. Collection was 
performed for the duration of the exposure. Total particulate mass was determined gravimetrically (Sartorius AG 
MC5 microbalance, Goettingen, Germany). Particle samples were collected on 47-mm glass fiber filters (Pallflex 
Tissuequartz, Ann Arbor, MI) for elemental carbon to organic carbon ratio (EC/OC) analysis as described above. 
The EC/OC ratio was determined using a method previously described (26). 

Particle composition. 
Particle and vapor phase 
PAH speciation was 
performed by the Organic 
Analytical Laboratory at 
the Desert Research 
Institute (DRI, Reno, NV). 
Briefly, UFPM+O3 

samples were collected 
on Pallflex Tissuequartz 
47mm filters, and vapor 
phase organic 
compounds were 
collected on XAD resin 
supplied by DRI. Samples 
were analyzed for 115 
PAH and nitro, oxo-PAH 
compounds. Filters and 
XAD-4 resin were spiked 
with several deuterated 
PAH internal standards 
and extracted with 

Figure  1.  Particulate  matter  generator.  dichloromethane followed 
by acetone using an accelerated solvent extractor (Dionex, ASE-300, Salt Lake City, UT). After extraction, 
samples were pre-concentrated with a rotary evaporator, filtered, exchanged with toluene, and concentrated to 
0.1 ml volumes under ultra-high purity nitrogen stream. The extracts were then analyzed using a Varian CP-
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3800 GC equipped with a CP-8400 auto-sampler and interfaced to a Varian 4000 Ion Trap Mass Spectrometer 
(Varian, Inc. Walnut Creek, CA). The limit of quantification (LOQ) values range between 0.025 and 0.082 ng/mL. 
Histopathology. At necropsy, tracheas were cannulated, the thorax was opened, heart and lungs were removed 
en bloc and fixed with neutral buffered 10% formalin by intratracheal instillation at a controlled pressure of 20 cm 
hydrostatic pressure for 1 hour at room temperature (RT), trachea was then tied off and allowed to fix overnight  
at 4°C. Hearts were separated from the lungs, and the lungs were stored in 70% ethanol at 4°C. Hearts were 
bisected from the base to apex at the coronal plane thereby dividing it into two portions (dorsal and ventral) that 
each included both right and left ventricles and atria then stored in 70% ethanol until embedded in paraffin, and 
sectioned. The left and right medial lung lobes were isolated, dissected to expose the airways, embedded in 
paraffin, and sections. Sections of the heart were stained with either Masson’s trichrome, phosphotungstic acid-
hematoxylin (PTAH), or using immunohistochemical procedures (described below). Sections of the left lung lobe 
were stained with PTAH while sections of the right medial lobe were stained using immunohistochemical 
procedures. A total of eight cardiac sections (two slides/staining procedure), and six lung sections were prepared 
and assessed for each animal studied. Sections were coded using random sequencing and evaluated without 
knowledge of animal strain or group assignment. 

Masson’s trichrome. Fibrotic lesions in the heart were assigned 
a severity score from 0 to 5 based on extent of interstitial 
expansion and replacement fibrosis observed in each section by 
a board certified veterinary pathologist, Dr. Rachel Reader, DVM, 
Diplomate ACVP, PhD (27). Numeric scores correlated with no 
interstitial expansion (0), minimal multifocal interstitial expansion 
(1), one or more larger network of mild interstitial expansion (2), 
one to three networks of mild interstitial expansion with minimal 
replacement fibrosis (3), three or more networks of interstitial 
expansion with moderate replacement fibrosis (4), or multiple 
networks of extensive interstitial expansion with severe 
replacement fibrosis (5). Figure 2A depicts minimal multifocal 
interstitial expansion (score = 1). Figure 2B depicts a lesion 
characterized by extensive interstitial expansion with severe 
replacement fibrosis (box); samples containing three or more 
equally severe lesions received a score of 5. 
PTAH. Vascular occlusion by microthrombi in the lung and heart 
was examined using phosphotungstic acid-hematoxylin (PTAH) 
to stain for stabilized fibrin that along with platelets and 
leukocytes compose microthrombi. Sections of the left lung lobe, 
as well as the left ventricle and interventricular septum of the 
heart, were assessed for presence of fibrin-stabilized aggregates 
by Dr. Emily M. Wong, PhD. Aggregates were classified as one 
of the following: a small aggregate within small arteriole, medium, 
or large artery (category I), an aggregate fully occluding a small Figure 2. Representative images of myocardial 
arteriole (category II), or a large, multifocal aggregate within fibrotic lesions in SH rat. (A) Minimal multifocal 
medium or large artery (category III). The total number of interstitial expansion present as light blue striations 

(arrows) between myocytes (red). (B) Severe aggregates, within a single sample, were counted for each replacement fibrosis presents as blue (box) 
category. Categories were assigned a score of 0 to 5 correlating indicating absence of myocytes (red). 
with the total number of aggregates observed as follows: none (0), 
one to three (1), four to six (2), seven to nine (3), ten to twelve (4), or thirteen or more (5) aggregates. Three 
sections of heart and/or lung tissue were examined, however, only one was selected for statistical analysis. 
Immunohistochemistry. Sections of heart were immunostained for Nur77, a marker of nonapoptotic cell death, 
or JunB, an early marker of myocardial ischemia, while sections of the right medial lung lobe were stained for 
either HMOX1 or SOD1 using histochemical procedures as previously described (28). Briefly, an antigen 
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unmasking solution, citric acid based (H-3300; Vector Laboratories, Burlingame, CA) and decloaking chamber 
(BioCare Medical, Concord, CA) were used for better epitope retrieval. Signals will be amplified using the 
Vectastain IgG Avidin-Biotin-HRP Kit (Vector Labs, Burlingame, CA) and visualized using nickel chloride-
enhanced 3,3’-diaminobenzidine tetrachloride (Sigma Chemical, St. Louis, MO) as the chromogen. Controls 
were obtained by substituting the primary antibodies with phosphate-buffered saline to ensure specific positive 
staining. Sections from all groups were run together for each antibody to minimize run-to-run variability. In the 
heart, the number of Nur77- or JunB-positive cell clusters within the left ventricle and interventricular septum 
were counted and recorded. Lung sections contained approximately three to five airways, and the number of 
HMOX-1 and/or SOD1-positive cell clusters within the airway epithelium were counted and recorded per airway 
cross section. 
Hyperspectral mapping. Immuno-stained and unstained sections of the medial lung lobe were examined using 
enhanced darkfield microscopy complemented with a hyperspectral imaging system to visualize particles within 
the lung. Briefly, a CytoViva Hyperspectral Imaging system mounted on an Olympus BX-43 microscope with an 
Enhanced Dark-Field Microscopy condenser was used to locate and identify UFPM within the terminal 
bronchioles of the lung. Positive control samples were analyzed first to generate reference spectra enabling 
detection of UFPM within samples. Negative controls were analyzed to improve detection specificity (reduce 
false positives). Samples were imaged and analyzed using methods and software for hyperspectral microscopy 
or matched against the reference spectra to provide maps of the location of UFPM within each sample. 
Data and statistical analysis. The total number (N) of rats was 5-7 per strain-related exposure group. All data 
are expressed as mean ± SEM. Data were analyzed using SPSS Statistics v. 27 (IBM, Armonk, NY). p-Values 
of 0.05 were considered statistically significant. All data were assessed for significance using a nonparametric 
Kruskal-Wallis test with Dunn-Bonferroni post hoc comparisons to identify significant differences between 
exposure groups distinguished by strain. In addition, the nonparametric Mann-Whitney test was used to detect 
significant differences between strains overall and within each experimental exposure group. 
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5. RESULTS 
OBJECTIVE 1. Define the effect of O3 on the local relationship 
between particle deposition and cellular oxidative stress within 
the airways. 
O3 Alters UFPM Chemical Composition 
UFPM and UFPM+O3 atmospheres contained both vapor and 
particulate phase PAHs (Table 1). In general, methyl biphenyls 
dominated both the vapor and particulate phases of both 
atmospheres. Notably, naphthalene and its derivatives were identified 
in both vapor and particulate phases of UFPM, but not UFPM+O3. 
Furthermore, pyrene, a U.S. EPA “Priority Pollutant,” was abundant 
in the vapor phase of UFPM+O3, but absent in UFPM. These results 
demonstrate that O3 dramatically altered the chemical composition of 
UFPM, indicating the UFPM and UFPM+O3 atmospheres are not 
comparable. Therefore, we assessed the significance of UFPM-
related effects separately from those of O3 and UFPM+O3 using 
nonparametric comparisons (described above). 

Particle Deposition 
Previously, we predicted that UFPM particles deposit within the 
terminal bronchiolar region of the lung using the Multiple Path Particle 
Deposition (MPPD v3.04; Applied Research Associates, 
Albuquerque, NM) (25). However, we found no UFPM-particles 
deposited within the terminal bronchiolar or alveolar duct regions 
using hyperspectral analysis. Specifically, few samples contained Note: Vapor and particulate (p) phase 
particles matching control sample reference spectra. The few particles compounds are listed. Compounds 
observed, however, were deposited in the parenchyma, not the identified in samples below detection limits 
terminal bronchioles or alveolar ducts. are not listed. 

Cellular Oxidative Stress 
We found no significant exposure- or strain-related differences in cellular expression of either HMOX1, a marker 
of oxidative stress, or SOD1, a marker of superoxide metabolism, within the airway epithelium (Table 2). 

Note: Sections of the lung were evaluated histologically for microthrombi; or immunohistochemically for HMOX1, a marker of 
oxidative stress, or SOD1, a marker of superoxide metabolism, within the airway epithelium. Lung sections contained 
approximately three to five airways, and the number of HMOX-1 and/or SOD1-positive cell clusters within the airway epithelium 
were counted and recorded per airway section. Microthrombi scores (scale: 0 to 5) were given based on number of aggregates 
observed per category per lung section for each animal. Values are shown as the means ± SEM within strain-related exposure 
groups. p-Values ≤ 0.05 were considered significant. *Significant difference compared to FA within strain-related exposure groups. 
†Significant difference compared to O3 within strain-related exposure groups. §Significant difference between strains within 
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Figure 3. UFPM increased microthrombi formation in myocardium and lung. 
UFPM increased microthrombi in the heart and lung compared to FA. Interestingly, 
UFPM-exposed SH rats had increased in the heart compared to UFPM-exposed 
WKY rats. Scores (scale: 0 to 5) were given based on number of aggregates 
observed per category in one of three samples assessed for each animal. Values 
are shown as the means ± SEM by strain. p-Values ≤ 0.05 were considered 
significant. *Significant difference compared to FA within strain-related exposure 
group. †Significant difference between strains within exposure-related groups. 

OBJECTIVE 2. Characterize 
UFPM+O3 impact on
microthrombi formation. 
There were no strain-related effects 
on microthrombi formation in heart 
or lung tissue of FA-exposed rats. 
UFPM-Induced Microthrombi 
Formation 
Lung. Overall, UFPM exposure 
increased category I-II microthrombi 
in the lung (p < 0.001) compared to 
FA exposure (Fig. 2; Table 2). Within 
WKY-related exposure groups, 
UFPM significantly increased 
category I-II microthrombi (p ≤ 
0.016) compared to FA. Within SH-
related exposure groups, UFPM 
significantly increased category I-II 
microthrombi (p ≤ 0.008) compared 
to FA. UFPM-exposed SH rats 
displayed increased category I 
microthrombi (p = 0.053) compared 
to similarly-exposed WKY rats. 
Heart. Overall, UFPM exposure 
increased category I-III 
microthrombi in the heart (p ≤ 0.002) 
compared to FA exposure (Fig. 2; 
Table 3). Within WKY-related 

exposure groups, UFPM significantly increased category I microthrombi (p £ 0.001) compared to FA. Within SH-
related exposure groups, UFPM significantly increased category I-III microthrombi (p ≤ 0.003) compared to FA. 
UFPM-exposed SH rats displayed increased category I- III microthrombi (p ≤ 0.038) compared to similarly-
exposed WKY rats. 

Note: Sections of the heart were evaluated histologically for interstitial fibrosis, microthrombi; or immunohistochemically for 
Nur77, nonapoptotic death marker, or JunB, myocardial ischemia marker. Myocardial fibrosis scores (scale: 0 to 5) were 
assigned based on extent and severity of lesions observed. The number of Nur77 and/or JunB-positive cell clusters within the 
left ventricle and interventricular septum of a heart section were counted and recorded per section. Microthrombi scores (scale: 
0 to 5) were given based on number of aggregates observed per category per lung section for each animal. Values are shown 
as the means ± SEM within strain-related exposure groups. p-Values ≤ 0.05 were considered significant. *Significant difference 
from FA within strain-related exposure groups. †Significant difference from O3 within strain-related exposure groups. 
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Heart. Overall, UFPM exposure increased category I-III microthrombi in the heart (p ≤ 0.002) compared to FA 
exposure (Fig. 3; Table 3). Within WKY-related exposure groups, UFPM significantly increased category I 
microthrombi (p £ 0.001) compared to FA. Within SH-related exposure groups, UFPM significantly increased 
category I-III microthrombi (p ≤ 0.003) compared to FA. UFPM-exposed SH rats displayed increased category I-
III microthrombi (p ≤ 0.038) compared to similarly-exposed WKY rats. 
O3-Induced Microthrombi Formation 
There were no strain or exposure related-
differences in response to O3 in the lung or 
heart (Fig. 4 and 5; Table 2 and 3). 

UFPM+O3-Induced Microthrombi 
Formation 
Lung. Overall, UFPM+O3 increased 
category I-III microthrombi in the lung (p ≤ 
0.004) compared to FA; and category I-III 
(p ≤ 0.005) compared to O3 (Fig. 4; Table 
2). Within WKY-related exposure groups, 
UFPM+O3 significantly increased category 
I-II microthrombi (p ≤ 0.029) compared to 
FA; and category I-II (p ≤ 0.040) compared 
to O3. Within SH-related exposure groups, 
UFPM+O3 significantly increased category 
I-III microthrombi (p ≤ 0.004) compared to 
FA; and category I-III (p ≤ 0.034) compared 
to O3. UFPM+O3-exposed SH rats Figure 4. UFPM+O3 increased microthrombi formation in lung. UFPM+O3 

displayed increased category I-III 
SH rats had increased microthrombi compared to UFPM+O3-exposed microthrombi (p ≤ 0.028) compared to 
WKY rats. Scores (scale: 0 to 5) were given based on number of similarly-exposed WKY rats. aggregates observed per category in one of three samples assessed for 

Heart. Overall, UFPM+O3 increased each animal. Values are shown as the means ± SEM by strain. p-Values ≤ 
0.05 were considered significant. *Significant difference compared to FA category I-III microthrombi in the heart (p < 
within strain-related exposure groups. †Significant difference compared to 0.001) compared to FA; and category I-II (p O3 within strain-related exposure groups. §Significant difference between < 0.001) compared to O3 (Fig. 5; Table 3). UFPM+O3-exposed WKY and SH rats. 

Within WKY-related exposure groups, 
UFPM+O3 significantly increased category I-II microthrombi (p ≤ 0.001) compared to FA; and category I-II (p ≤ 
0.007) compared to O3. Within SH-related exposure groups, UFPM+O3 significantly increased category I-III 
microthrombi (p < 0.001) compared to FA; and category I-III (p ≤ 0.028) compared to O3. UFPM+O3-exposed SH 
rats displayed increased category I-III microthrombi (p ≤ 0.038) compared to similarly-exposed WKY rats. 
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Figure 5. UFPM+O3 increased microthrombi formation in myocardium. Right panel: Representative images of category 
I-III fibrin-stabilized aggregates observed in left ventricular region of a UFPM+O3-exposed SH rat. Left panel: Overall, 
UFPM+O3 increased category I-III microthrombi (p = 0.000) compared to FA and category I-II (p = 0.000) compared to 
O3. Importantly, UFPM+O3-SH rats had increased category I-III microthrombi (p ≤ 0.007) compared to similarly-exposed 
WKY rats. Scores (scale: 0 to 5) were given based on number of aggregates observed per category in one of three 
samples assessed for each animal. Values are shown as the means ± SEM by strain. p-Values ≤ 0.05 were considered 
significant. *Significant difference compared to FA within strain-related exposure groups. †Significant difference 
compared to O3 within strain-related exposure groups. §Significant difference between UFPM+O3-exposed WKY and 
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Objective 3. Define UFPM+O3 impact on 
myocardial injury. Overall, SH rats displayed 
significantly greater extent of replacement fibrosis 
(p < 0.001) compared to age-matched WKY rats, 
while there were no exposure effects in either strain 
(Fig. 6; Table 3). Unfortunately, there were no 
significant strain- or exposure-related differences 
for either Nur77 or JunB (Table 3). However, these 
results do not exclude ischemic injury. Previous 
epidemiologic studies have demonstrated that 
increased hospitalizations for cardiovascular-
related events, specifically ischemia and infarction, 
occur one to two days following an increase in daily-
levels of ambient PM (6). This suggests that our 8-
hour post-exposure time-point was not a sufficient 
duration for assessment. Importantly, previous 
studies have shown that ischemic-induced 
increases in JunB expression is detectable by 
immunohistochemistry 30-min post-permanent 
occlusion of the left anterior descending coronary 
artery in rats (29). While this procedure is an 
established model of acute myocardial injury, it is 
not an appropriate model of exposure-related 
myocardial injuries where time is a critical factor in 
lesion development. 

Figure 6. Myocardial fibrosis in WKY rat versus SH rats. SH rats 
display increased fibrosis compared to WKY rats. Scores (scale: 
0 to 5) were assigned based on extent and severity of lesions 
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6. DISCUSSION 
PM2.5 and O3 are ubiquitous air pollutants most often correlated with adverse cardiovascular impacts (30). 
Epidemiologic data has repeatedly demonstrated that older individuals with pre-existing CVD are at greater risk 
for air pollution-related cardiopulmonary morbidities and mortalities (1, 2). Growing evidence supports the notion 
that systemic inflammation, and endothelial injury and dysfunction play a critical role the adverse cardiovascular 
events associated with short and long term exposure to gaseous and particulate air pollutants (30-32). Especially 
important for the current study is the strong link between oxidative stress, the generation of ROS and the 
induction of thrombosis (33). The objective of our present study was to further characterize the mature adult SH 
rat model of CVD and define the impact of simultaneous exposure to UFPM and O3 on microthrombi formation 
within the heart and lungs. 
In the current study, we confirmed that mature adult SH rats display CVD-associated cardiac structural 
remodeling independent of exposure (Table 3; Fig 6). This remodeling was characterized by increasing extent 
of interstitial expansion and replacement fibrosis within the left ventricle and interventricular septum. This 
observation is consistent with previous findings of cardiac remodeling and fibrosis in aging humans (34, 35) and 
SH rats (36-38). The observation of CVD-associated cardiac fibrosis in combination with our previous 
observations that SH rats display exposure independent ventricular focal organized necrosis, and greater 
leukocyte/platelet aggregation with stimulation (3) support that the SH rats used this study were undergoing a 
disease process that was characterized by a history of cardiac injury and remodeling that was associated with 
an elevated prothrombotic state. This ongoing disease process in combination with a greater airway sensitivity 
to oxidant stress (3, 25) and the age-dependent onset of super ventricular and ventricular arrhythmias (3, 39), 
makes the mature adult SH rat more susceptible to air pollution induced myocardial injury. 
Both UFPM and UFPM+O3 exposures increased fibrin-stabilized microthrombi within arterioles, and medium or 
large arteries within the heart and lungs, with mature adult SH rats being more susceptible to UFPM and 
UFPM+O3 compared to age-matched WKY rats. The observation of fibrin-stabilized microthrombi within the 
arterioles of the lung with UFPM is consistent the generation of ROS or other mediators and the induction of 
endothelial dysfunction and enhanced thrombosis (33). This pulmonary vascular response is exacerbated with 
UFPM+O3 exposure and is greater in severity and extent in the SH rats. The exacerbated pulmonary vascular 
response in the SH rats is consistent with the elevated baseline thrombosis and increased pulmonary sensitivity 
to oxidant stress observed in the SH rats (3, 25). The parallel pattern of fibrin-stabilized microthrombi in the heart 
in WKY and SH rats suggest a link between the exposure related prothrombotic events present in the pulmonary 
vasculature and the coronary circulation. This link remains undefined and could involve the delivery of blood 
borne ROS, inflammatory mediators and/or activated platelets to the coronary vessels or the translocation of 
UFPM particulates into pulmonary circulation and the subsequent deposition in the coronary vessels. Anyone of 
these processes would likely induce endothelial dysfunction of coronary circulation and contribute to a thrombotic 
state. The presence of extensive microthrombi that completely occlude small coronary arterioles in SH rats 
exposed to UFPM+O3 would produce areas of focal ischemia within the myocardium that could result in the 
previously described myocardial injury (3). 
A critical consideration that we made in designing the current study was the age of the rats to be studied. Aging 
is a progressive process of decline that leads to compromised physiological function, even in the absence of 
disease (40, 41). Age-related deterioration is particularly notable in the cardiopulmonary system. In the lung, 
aging alters immune responses, antioxidant defenses, and airway receptor activity (42). Structural changes can 
also occur, impairing lung compliance, and increasing work associated with breathing (43). In the heart, aging 
promotes adverse changes in cardiac structure and function, which is presumably related to a decline in 
cardioprotective molecular mechanisms [for full review see Obas et al. (44)]. Importantly, age-related changes 
in the heart lower the threshold for CVD development. Therefore, anticipated increases in older populations will 
coincide with an increasing burden of CVD. In fact, epidemiologic data indicates that by 2030, nearly half of the 
U.S. adult population will have some form of CVD (5). The mature adult rats used in this study demonstrated 
multiple age related changes including myocardial remodeling and fibrosis, and cardiac arrhythmias making 
them appropriate surrogates for modeling air pollution-induced cardiovascular responses in the aging human. 
Two factors are critical to evaluation of our previous (3, 25) and current data, these are; (1) the relative delivered 
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dose of UFPM to the airway, and (2) the PAH composition of the UFPM and UFPM+O3 atmospheres. 
We employed a high concentration of particles in our UFPM atmospheres, much higher than typical ambient 
levels of PM0.1. For toxicologic assessments, however, it is more critical to evaluate dose-equivalent responses 
rather than replicate atmospheric pollutant concentrations (45). Because particle deposition is dependent on 
anatomic and physiologic characteristics, dose levels in a rodent are substantially lower than a human when 
exposed to similar pollutant concentrations (46). Thus, significantly higher concentrations are necessary to 
achieve human-equivalent dose levels in a rodent model of exposure. To demonstrate the relevance of the 
UFPM concentration used in the current study, we performed a dosimetric comparison between UFPM, a high 
ambient concentration of traffic-related PM0.1, and the current NAAQS for PM2.5 (25). Particle dosimetry 
predictions indicated that the experimental concentration of UFPM was relevant to that of a high ambient 
concentration of traffic-related PM0.1 and an acute 24-hour exposure to PM2.5 at the NAAQS for a human at 
rest and with light activity (25). 
The experimental UFPM was produced by a premixed flame particle generating system, and contained vapor-
and particulate-phase PAHs. The premixed flame particle generating system is ideal for toxicity testing of 
combustion-generated PM0.1 because it is reproducible, allows for compositional modification, and eliminates 
the composition and size-fraction variability associated with field samples. Previously, Chan et al. reported that 
biphenyls and naphthalene derivatives dominated both the vapor and particulate phases of the UFPM 
atmosphere (49). Although biphenyls were abundant in vapor-phase UFPM+O3, only two chemically stable poly-
substituted naphthalene derivatives were identified. In contrast, the particulate-phase UFPM+O3 chemical 
composition was completely distinct from UFPM alone, and devoid of any PAHs with demonstrated carcinogenic 
capacity (25). Previous studies indicated that atmospheric reactions of O3 with surface-adsorbed PAHs occur in 
a somewhat indiscriminate manner and promotes PAH degradation (13, 50, 51). For example, quinoline, a 
biologically relevant PAH-derivative commonly formed in vehicular combustion engines (52), was identified in 
vapor- and particulate-phases of UFPM, but was not present in either phase of UFPM+O3. Due to its oxidative 
capacity, O3 quickly reacts with and degrades PAHs. This oxidative reaction is accelerated when PAHs are 
deposited on a solid surface (53). In diesel exhaust PM, PAH half-lives range from 15 to 120 minutes (51). The 
rate of PAH conversion by O3 is dependent on the electrophilic reactivity of the compound. For example, 
quinones are highly reactive to electrophilic reactions, and thus, particularly susceptible to ozonolysis (54). 
Importantly, PAH ozonolysis yields a complex mixture of oxidized products including hydroxyl radicals, 
aldehydes, carboxylic acids, and hydrogen peroxides (54). The production of these compounds would directly 
increase the particle’s oxidant capacity, and conceivably, its biologic potency. In the current study we showed 
(3, 25) that the presence of O3 dramatically altered the PAH composition of UFPM in the UFPM+O3 experimental 
atmosphere (Table 1). Therefore, the biological effects resulting from UFPM+O3 exposure in part results from 
O3 and PAH interactions and the change in PAH composition. 
We previously reported that the combination of UFPM and O3 increased the extent of lung injury in WKY rats 
beyond an “additive” effect of the single- pollutant exposures combined, suggesting that biologic potency was 
enhanced (3, 25). These observations are similar to previously reported acute lung responses following exposure 
to combined pollutants (15, 47, 48). In contrast, while there was a trend for the UFPM+O3 exposure to have 
elevated levels of thrombi in the lung and heart compared to UFPM exposure alone, these increases were at 
most additive. This difference may be due to the fact that O3 would be present at the airway surface where it can 
directly contribute to injury, but would not be present within the vasculature where thrombi formation would occur. 

Integration of Results 
Our current results, in combination with the results of our initial study in the same cohort of rats (3) a complex 
picture arises of the cascade of events that eventually leads to myocardial injury in SH rats exposed to UFPM+O3 

(Fig. 7). 
The Animal Model: Though mature adult WKY and SH rats, both, exhibit similar baseline cardiac arrhythmias, 
SH rats have baseline characteristics that make them more susceptible to air pollution induced myocardial injury. 
This increase susceptibility is associated with the current observation that mature adult SH rats display greater 
interstitial expansion and replacement fibrosis within left ventricle and interventricular septum, and our previous 
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observations that SH rats display ventricular focal organized necrosis, greater leukocyte/platelet aggregation 
with stimulation and increased pulmonary sensitivity to oxidant stress. 
The Exposure Model: Evidence from some studies suggest that atmospheric interactions between PM and O3 

may enhance the adverse effects resulting from exposure (15, 47, 48). O3 reacts with PAHs contained in 
combustion-derived UFPM in the atmosphere to produce a potentially more toxic profile of oxidant-derived 
reaction products (Table 1; Fig. 7). 
The Lung: O3 reacts with antioxidants and lipid components of the airway lining fluid (ALF) to produce 
ozononation products that result in injury of airway epithelial cells (AECs) and inflammation. SH rats were more 
sensitive to these O3-induced effects. The inhalation of UFPM by itself resulted in increased fibrin-stabilized 
microthrombi within pulmonary arterioles of both WKY and SH rats consistent with UFPM deposition on the 
surface of the AECs of terminal airways and potentially the surface of alveolar epithelial cells (AlvECs) and the 
subsequent activation of platelets (Fig. 7). The inhalation of UFPM+O3 resulted in greater fibrin-stabilized 
microthrombi within pulmonary arterioles and small pulmonary arteries of SH rats indicating a greater thrombotic 
response. 
The Heart: Inhalation of UFPM by itself resulted in increased fibrin-stabilized microthrombi within small 
ventricular arterioles of both WKY and SH rats. SH rats had more microthrombi in small ventricular arterioles 
and arteries that were more severe than those present in WKY rats. Inhalation of UFPM+O3 resulted in greater 
fibrin-stabilized microthrombi within ventricular arterioles and small ventricular arteries of SH rats indicating a 
greater thrombotic response that was associated. The greater UFPM+O3 induced ventricular microthrombi 
responses in the WKY and SH rats was associated with an increased number and severity of premature 
ventricular contractions (PVCs) and an increased number of atrioventricular block (AVB) events. In SH rats the 
greater UFPM+O3 induced ventricular microthrombi response was associated with the presence of acute 
necrosis. This observation is consistent with the possibility that the severe microthrombi in SH rats exposed to 
UFPM+O3 produced areas of focal ischemia within the myocardium that results in myocardial injury. 
Lung-Heart Interactions. The activation of lung sensory nerves following exposure to O3 in SH rats and UFPM+O3 

in SH and WKY rats sends signals to the brainstem where the signals are integrated and result in pulmonary 
and cardiovascular reflexes (Fig. 7). The pulmonary reflexes result primarily in breathing pattern changes, 
including rapid shallow breathing (RSB) and augmented breaths (ABs). The cardiovascular reflexes result in 
changes in the parasympathetic (PNS) and sympathetic (SNS) nervous system outflow to the heart. The PNS 
and SNS innervate the sino-atrial node (SA node), atrioventricular node (AV node) and the myocardium. The 
inhalation of O3 and UFPM+O3 by SH rats and UFPM+O3 by WKY rats, decreases heart rate (HR), increases 
heart rate variability (HRV), increases the high frequency (HF) of HRV, and increases the number AVB events, 
all of which are consistent with increased PNS outflow to the SA and AV node (Fig. 7). However, other HRV 
parameters, including increases in the ratio of LF to HF (LF/HF) and decreases in approximate entropy (ApEn) 
along with increases the number of PVCs are consistent with the co-activation of the SNS (Fig. 7). The co-
activation of the SNS is especially pronounced in SH rats exposed to UFPM+O3, where the initial PNS-induced 
decrease in HR and increase in HRV are blunted as exposure progresses. It is likely that the activation of sensory 
nerves within the ventricular myocardium are activated by the focal ischemia that is produced by the microthrombi 
and PVCs. Activation of these sensory nerves have been shown to increase SNS and decrease PNS outflow to 
the heart (55-58). 
Another potentially critical lung-heart interaction is the extent that microthrombi produced in the lung and UFPM 
deposited in the lung are translocated to the systemic and coronary circulation (Fig. 7). The translocation of 
UFPM to the heart could potentially induce endothelial dysfunction, platelet activation, and microthrombi 
formation, thereby, further contributing to the vascular occlusion of coronary vessels (Fig. 7). 
Relevance. This work improves scientific understanding of the adverse effects of simultaneous combined-
pollutant exposure and provides novel insight into the association between ambient air pollution and increased 
cardiac morbidity and mortality in mature adult individuals with CVD. This will aid CARB in developing and 
evaluating air pollution standards in the context of the exacerbated adverse cardiovascular events that are 
induced by the combined exposure to O3 and UFPM in individuals with preexisting cardiovascular disease and 
highlights the need to develop an ambient air pollution metric that better predicts the adverse health effects 
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induced by combined pollutant exposure. This might require targeted controlled human and animal exposure 
studies, as well as new epidemiology studies that focus on pollutant interactions and their effects on 
cardiovascular and other outcomes. 

Figure 7. Integration of results of the current study (CARB# 17RD011, Combined Exposures to Ultrafine Particulate Matter and 
Ozone: Characterization of Particulate Deposition, Pulmonary Oxidant Stress and Myocardial Injury; PI Schelegle) and those from 
our previous study (CARB# 13-311, Co-exposure to UFPM and O3: Pulmonary C fiber and platelet activation in decreased HRV; 
PI: Tablin) illustrating the integration of multiple mechanisms that contribute to adverse cardiovascular effects in rats, but may also 
be present in older humans with cardiovascular disease.. Abbreviations: ABs, augmented breaths; AECs, airway epithelial 
cells; ALF, airway lining fluid; AlvECs, alveolar epithelial cells; ApEn, approximate entropy; AVB, atrioventricular block; AV Node, 
atrioventricular node; HR, heart rate; HRV, heart rate variability; HF, high frequency; LF/HF, ratio of low to high frequency; NA, 
nucleus ambiguus; NTS, nucleus tractus solitarius; PNS, parasympathetic nervous system; PVCs, premature ventricular 
contractions; RSB, rapid shallow breathing; RC, respiratory center; ROS, reactive oxygen species; RVLM, rostral ventrolateral 
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7. RECOMMENDATIONS 
Time. Results from the present study clearly demonstrate that exposure-related effects that have different time 
courses must be examined at different time-points. In the present study, all endpoints were examined eight-
hours post-exposure. However, our results clearly demonstrate that certain endpoints need to be examined at 
different time-points, outlined below. 
Particle deposition: Examine immediately (+0-hour) following exposure period. We recommend using a 1-hour 
exposure period to limit clearance. 
Nrf2 antioxidant expression: Examine at one (+24-hour) and two (+48-hour) days post-exposure. PM-induced 
increases have been detected 24-hours post-exposure, but maximum expression occurred 48-hours post-
exposure (59, 60). 
Myocardial ischemia: Examine at one (+24-hour) and two (+48-hour) days post-exposure. Previous 
epidemiologic studies have demonstrated that increased hospitalizations for cardiovascular-related events, 
including ischemia and infarction, occur one to two days following an increase in daily-levels of ambient PM (6). 
Examine role of endothelial dysfunction. Previously, we demonstrated that simultaneous exposure to 
UFPM+O3 resulted in similar airway injury and inflammation, changes in platelet activation and platelet- leukocyte 
interactions, and increased cardiac arrhythmias in mature adult rats with and without CVD. However, we do not 
detect significant differences between mature adult rats with CVD and those without CVD in fibrin-stabilized 
microthrombi in the pulmonary and coronary circulation and acute cellular necrosis. These finding are consistent 
with epidemiologic evidence that older individuals with CVD are increasingly susceptible to exposure-related 
adverse health effects. To better understand the link between thrombosis and myocardial injury, we recommend 
that future investigations examining the dose-response relationship of simultaneous combined-pollutant 
exposures incorporate measures of endothelial activation and dysfunction, as well as microthrombi formation. 
Examine the toxicity of O3 altered UFPM in isolation. Results of the current study suggest that the change in 
the UFPM PAH composition following the reaction with O3 increases the toxicity. Therefore, we recommend that 
future investigations examine the response of UFPM and UFPM reacted with O3, but without the O3 present. As 
above these studies should include measures of endothelial activation and dysfunction and microthrombi 
formation in mature adult rats with and without CVD. 
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8. GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS 
ABs augmented breaths 

AECs airway epithelial cells 
ALF airway lining fluid 

AlvECs alveolar epithelial cells 
ApEn approximate entropy 
AVB atrioventricular block 

AV Node atrioventricular node 
CV cardiovascular 

CVD cardiovascular disease 
CF cardiac fibrosis 

ECG electrocardiogram 
EC/OC elemental carbon to organic carbon ratio 

FA filtered air 
HMOX-1 hemeoxygenase-1 

HR heart rate 
HRV heart rate variability 

HF high frequency 
LF/HF ratio of low to high frequency 

NA nucleus ambiguus 
NTS nucleus tractus solitarius 

O3 ozone 
PNS parasympathetic nervous system 
PM particulate matter 

PM0.1 particulate matter 0.1 µm or less in diameter 
PM2.5 particulate matter 2.5 µm or less in diameter 
PTAH phosphotungstic acid-hematoxylin 
PAHs poly-aromatic hydrocarbons 
PVCs premature ventricular contractions 
RSB rapid shallow breathing 
ROS reactive oxygen species 
Rxn reaction 
RC respiratory center 
RT room temperature 

RVLM rostral ventrolateral medulla 
SH Spontaneous Hypertensive rats 

SOD superoxide dismutase 
SNS sympathetic nervous system 

PM0.1 ultrafine particulate matter, aerodynamic diameter < 0.1 µm 
UFPM ultrafine particulate matter (surrogate particle) 

VO vascular occulsion 
UFPM+O3 co-pollutant atmosphere, simultaneous exposure 

WKY Wistar-Kyoto rats 
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	Of the major air pollutants, particulate matter (PM) and ozone (O
	3
	correlated with cardiopulmonary morbidities and mortalities (6-8). Although both PM and O
	3 
	Atmospheric interactions between PM and O
	3 
	potent oxidant, O
	3 
	exhaust is the dominant contributor of atmospheric PM0.1 and PM2.5, as well as a primary source of O
	3
	reactions between PM and O
	3 

	ROS generated from PM is implicated in the induction of oxidative stress; a key pathway by which PM exerts cardiovascular effects (16, 17). Oxidative stress occurs upon loss of homeostasis, where ROS generation overwhelms antioxidant defenses. At the cellular level, this results in cytotoxicity (18) and the activation of specific transcriptional pathways, including Nrf2, which is responsible for upregulating phase II antioxidant gene expression (19). These inducible antioxidant enzymes are critical for redu
	-

	Previous Findings (CARB Contract #13-311) 
	We completed a study (3) designed to examine the upstream events associated with air pollutant induced CV adverse events. Mature adult rats with (Spontaneously Hypertensive; SH) and without (normotensive Wistar-Kyoto; WKY) preexisting CVD were used in this study to mirror the epidemiologic data. Prior to the study, animals were instrumented with telemeters to enable the study of the electrocardiogram (ECG) while awake and ambulatory. Once animals recovered from surgery (two-week minimum) animals were expose
	3 
	3
	3 
	3 
	simultaneously (UFPM+O
	3

	• 
	• 
	• 
	reacts with polycyclic-aromatic hydrocarbons (PAHs) contained in combustion-derived UFPM to produce a potentially more toxic profile of oxidant-derived reaction products. 
	O
	3 


	• 
	• 
	atmosphere induced significantly greater changes in airway injury, atmosphere alone in mature adult animals with or without CVD. 
	The co-pollutant UFPM+O
	3 
	inflammation, alterations of HRV, and arrhythmias than UFPM or O
	3 


	• 
	• 
	compared to age matched animals without CVD as indicated by greater inflammation, airway injury and alterations in HRV. 
	Mature adult animals with CVD are more susceptible to oxidant injury induced by O
	3 


	• 
	• 
	atmosphere induced significantly greater changes in platelet activation, platelet microvesicles as well as platelet-white blood cell aggregation. These parameters lay the foundation for a pro-coagulant and pro-inflammatory systemic vascular environment. 
	The co-pollutant UFPM+O
	3 


	• 
	• 
	atmosphere develop myocardial injury despite having similar changes in HRV, and arrhythmias as age-matched animals without CVD. 
	Mature adult animals with CVD exposed to the co-pollutant UFPM+O
	3 


	• 
	• 
	atmosphere that is initiated in the lung, results in downstream hematological and autonomic nervous system responses that manifests as increased platelet activation and arrhythmias, decreased HRV and myocardial injury in mature adults with CVD. 
	Evidence is consistent with an integrated response to the co-pollutant UFPM+O
	3 



	Overall, our data from our previous study (3) strongly suggested that underlying CVD in mature adult populations as well as to UFPM and O. Notably, this was the first study to provide evidence of air pollution exposure-induced myocardial necrosis in an animal model. 
	may be an important factor in the response to exposure to O
	3 
	3

	Objectives of Current Study (CARB Contract #17RD011) 
	The objective of the present study was to better understand our previous findings and address the overall enhances the biologic potency of UFPM by promoting ROS production at the particle surface, altering UFPM chemical composition; exposure to which increases cellular antioxidant expression, and promotes platelet-leukocyte and platelet-neutrophil interactions. Furthermore, mature adult SH rats are more sensitive to oxidants, and thus, more susceptible to microthrombi formation and myocardial damage followi
	hypothesis that: 
	O
	3 

	on the local relationship between particle deposition and cellular oxidative stress within the airways. 
	Objective 1. Define the effect of O
	3 

	Rationale: induced greater airway injury and inflammation in WKY alone (3). To determine the impact of particulate deposition on injury and inflammation in the lung, particles and cellular antioxidant expression were investigated by examining their spatial proximity and organization. Approach: Enhanced darkfield microscopy complemented with a hyperspectral imaging system was used to examine lung tissue double-stained for Nrf2-dependent phase II antioxidants hemeoxygenase-1 (HMOX1) and superoxide dismutase-1
	We previously demonstrated that UFPM+O
	3 
	and SH rats compared to UFPM and O
	3 

	impact on microthrombi formation. 
	Objective 2. Characterize UFPM+O
	3 

	Rationale: induced changes in platelet activation, and platelet-white blood cell aggregation (3). However, it is unclear whether these changes lead to microthrombi stabilization and deposition in the lung and heart. Approach: We examined lung and myocardial tissue obtained from our previous study for microthrombi using a histochemical stain, phosphotungstic acid-hematoxylin (PTAH) to stain fibrin-stabilized aggregates. 
	We previously demonstrated that UFPM+O
	3 

	impact on myocardial injury. 
	Objective 3. Define UFPM+O
	3 

	Rationale: We previously demonstrated that mature adult SH rats exposed to either UFPM alone or in displayed acute myocardial changes, including acute cellular necrosis, and hypercontractility (3). While these changes are often associated with ischemic injury, the nature of the injury was not assessed. Approach: To determine whether the previously observed cardiac lesions resulted from an ischemic event, we examined myocardial tissue obtained from our previous study for cellular expression of JunB, an early
	Rationale: We previously demonstrated that mature adult SH rats exposed to either UFPM alone or in displayed acute myocardial changes, including acute cellular necrosis, and hypercontractility (3). While these changes are often associated with ischemic injury, the nature of the injury was not assessed. Approach: To determine whether the previously observed cardiac lesions resulted from an ischemic event, we examined myocardial tissue obtained from our previous study for cellular expression of JunB, an early
	combination with O
	3 

	myocardial ischemia, and Nur77, a marker of nonapoptotic cell death. We also characterized cardiac fibrosis (CF), a marker of chronic injury associated with CVD progression, using Masson’s trichrome histochemical staining. 

	4. METHODS Animals and housing. This study adheres to the Animal Research: Reporting of In Vivo Experiments guidelines for animal research (23). The Institutional Animal Care and Use Committee at the University of California, Davis approved this study following guidelines mandated by the U.S. Federal Government (24). Age-matched, mature adult male WKY and SH rats were delivered from the vendor (Envigo, Indianapolis, IN) and housed in filtered air in facilities approved by the American Association for Accred
	Telemetry implantation. Rats were acclimated for at least five days in vivarium following delivery prior to undergoing surgical procedures. Rats were fasted for a minimum of 12 h prior to surgery. Prior to surgical procedures, rats were placed in a 10 L glass chamber and anesthesia was induced using 5% isoflurane and maintained through surgical procedures with 3-5% isoflurane (Abbott Laboratories, USA). A ~0.25 ml blood sample was obtained from a tail vein and analyzed for platelet and white blood cell coun
	Experimental exposure protocol. Age-matched mature adult WKY and SH rats were randomly assigned to one of the four experimental exposure groups one wk prior to study. Baseline characteristics of each group were reported previously (25). On the day of study, rats were transferred into a standard rodent cage with an open wire mesh top with a perforated Teflon plate inserted ~1 inch above bottom of the standard cage. Rats were placed in exposure chamber at least 1 h prior to exposure protocol. Rats underwent a
	3 
	3
	3 
	and 1.0 ppm O
	3 
	3
	-

	Particle generation and monitoring. Particles were generated using a co-annular premixed flame burner (illustrated in Fig. 1) (30). The burner consists of a 7.1-mm tube (inner diameter) surrounded by an 88.9-mm concentric outer tube (inner diameter) and is enclosed in a Pyrex tube to isolate the burner from ambient air. A mixture of ethylene, oxygen, and argon was metered through the inner tube using mass flow controllers (model 647C flow control unit and model 1179A and M100B flow control valves, MKS Instr
	Particle composition. 
	Particle and vapor phase 
	PAH speciation was 
	performed by the Organic 
	Analytical Laboratory at 
	the Desert Research 
	Institute (DRI, Reno, NV). 
	3 
	Briefly, UFPM+O

	samples were collected 
	on Pallflex Tissuequartz 
	47mm filters, and vapor 
	phase organic 
	compounds were 
	collected on XAD resin 
	supplied by DRI. Samples 
	were analyzed for 115 
	PAH and nitro, oxo-PAH 
	compounds. Filters and 
	XAD-4 resin were spiked 
	with several deuterated 
	PAH internal standards 
	and extracted with 
	dichloromethane followed by acetone using an accelerated solvent extractor (Dionex, ASE-300, Salt Lake City, UT). After extraction, samples were pre-concentrated with a rotary evaporator, filtered, exchanged with toluene, and concentrated to 
	Figure 1. Particulate matter generator. 

	0.1 ml volumes under ultra-high purity nitrogen stream. The extracts were then analyzed using a Varian CP
	0.1 ml volumes under ultra-high purity nitrogen stream. The extracts were then analyzed using a Varian CP
	-

	3800 GC equipped with a CP-8400 auto-sampler and interfaced to a Varian 4000 Ion Trap Mass Spectrometer (Varian, Inc. Walnut Creek, CA). The limit of quantification (LOQ) values range between 0.025 and 0.082 ng/mL. 

	Figure
	Histopathology. At necropsy, tracheas were cannulated, the thorax was opened, heart and lungs were removed en bloc and fixed with neutral buffered 10% formalin by intratracheal instillation at a controlled pressure of 20 cm hydrostatic pressure for 1 hour at room temperature (RT), trachea was then tied off and allowed to fix overnight  at 4°C. Hearts were separated from the lungs, and the lungs were stored in 70% ethanol at 4°C. Hearts were bisected from the base to apex at the coronal plane thereby dividin
	-

	Masson’s trichrome. Fibrotic lesions in the heart were assigned a severity score from 0 to 5 based on extent of interstitial expansion and replacement fibrosis observed in each section by a board certified veterinary pathologist, Dr. Rachel Reader, DVM, Diplomate ACVP, PhD (27). Numeric scores correlated with no interstitial expansion (0), minimal multifocal interstitial expansion (1), one or more larger network of mild interstitial expansion (2), one to three networks of mild interstitial expansion with mi
	PTAH. Vascular occlusion in the lung and heart was examined using phosphotungstic acid-hematoxylin (PTAH) to stain for stabilized fibrin that along with platelets and leukocytes compose microthrombi. Sections of the left lung lobe, as well as the left ventricle and interventricular septum of the heart, were assessed for presence of fibrin-stabilized aggregates by Dr. Emily M. Wong, PhD. Aggregates were classified as one of the following: a small aggregate within small arteriole, medium, or large artery (cat
	by microthrombi 
	interstitial expansion present as light blue striations 

	(arrows) between myocytes (red). (B) Severe 
	aggregates, within a single sample, were counted for each 
	replacement fibrosis presents as blue (box) 
	category. Categories were assigned a score of 0 to 5 correlating 
	indicating absence of myocytes (red). 
	with the total number of aggregates observed as follows: none (0), one to three (1), four to six (2), seven to nine (3), ten to twelve (4), or thirteen or more (5) aggregates. Three sections of heart and/or lung tissue were examined, however, only one was selected for statistical analysis. 
	Immunohistochemistry. Sections of heart were immunostained for Nur77, a marker of nonapoptotic cell death, or JunB, an early marker of myocardial ischemia, while sections of the right medial lung lobe were stained for either HMOX1 or SOD1 using histochemical procedures as previously described (28). Briefly, an antigen 
	unmasking solution, citric acid based (H-3300; Vector Laboratories, Burlingame, CA) and decloaking chamber (BioCare Medical, Concord, CA) were used for better epitope retrieval. Signals will be amplified using the Vectastain IgG Avidin-Biotin-HRP Kit (Vector Labs, Burlingame, CA) and visualized using nickel chloride-enhanced 3,3’-diaminobenzidine tetrachloride (Sigma Chemical, St. Louis, MO) as the chromogen. Controls were obtained by substituting the primary antibodies with phosphate-buffered saline to ens
	Hyperspectral mapping. Immuno-stained and unstained sections of the medial lung lobe were examined using 
	enhanced darkfield microscopy complemented with a hyperspectral imaging system to visualize particles within the lung. Briefly, a CytoViva Hyperspectral Imaging system mounted on an Olympus BX-43 microscope with an Enhanced Dark-Field Microscopy condenser was used to locate and identify UFPM within the terminal bronchioles of the lung. Positive control samples were analyzed first to generate reference spectra enabling detection of UFPM within samples. Negative controls were analyzed to improve detection spe
	Data and statistical analysis. The total number (N) of rats was 5-7 per strain-related exposure group. All data are expressed as mean ± SEM. Data were analyzed using SPSS Statistics v. 27 (IBM, Armonk, NY). p-Values of 0.05 were considered statistically significant. All data were assessed for significance using a nonparametric Kruskal-Wallis test with Dunn-Bonferroni post hoc comparisons to identify significant differences between exposure groups distinguished by strain. In addition, the nonparametric Mann-
	5. RESULTS on the local relationship between particle deposition and cellular oxidative stress within the airways. 
	OBJECTIVE 1. Define the effect of O
	3 

	atmospheres contained both vapor and particulate phase PAHs (Table 1). In general, methyl biphenyls dominated both the vapor and particulate phases of both atmospheres. Notably, naphthalene and its derivatives were identified . Furthermore, pyrene, a U.S. EPA “Priority Pollutant,” was abundant , but absent in UFPM. These results dramatically altered the chemical composition of atmospheres are not comparable. Therefore, we assessed the significance of UFPM-and UFPM+Ousing nonparametric comparisons (described
	O
	3 
	Alters UFPM Chemical Composition 
	UFPM and UFPM+O
	3 
	in both vapor and particulate phases of UFPM, but not UFPM+O
	3
	in the vapor phase of UFPM+O
	3
	demonstrate that O
	3 
	UFPM, indicating the UFPM and UFPM+O
	3 
	related effects separately from those of O
	3 
	3 

	Particle Deposition 
	Particle Deposition 

	Previously, we predicted that UFPM particles deposit within the terminal bronchiolar region of the lung using the Multiple Path Particle Deposition (MPPD v3.04; Applied Research Associates, Albuquerque, NM) (25). However, we found no UFPM-particles deposited within the terminal bronchiolar or alveolar duct regions using hyperspectral analysis. Specifically, few samples contained 
	Note: Vapor and particulate (p) phase 
	particles matching control sample reference spectra. The few particles observed, however, were deposited in the parenchyma, not the identified in samples below detection limits terminal bronchioles or alveolar ducts. are not listed. 
	compounds are listed. Compounds 

	We found no significant exposure-or strain-related differences in cellular expression of either HMOX1, a marker of oxidative stress, or SOD1, a marker of superoxide metabolism, within the airway epithelium (Table 2). 
	Cellular Oxidative Stress 

	Figure
	Note: Sections of the lung were evaluated histologically for microthrombi; or immunohistochemically for HMOX1, a marker of oxidative stress, or SOD1, a marker of superoxide metabolism, within the airway epithelium. Lung sections contained approximately three to five airways, and the number of HMOX-1 and/or SOD1-positive cell clusters within the airway epithelium were counted and recorded per airway section. Microthrombi scores (scale: 0 to 5) were given based on number of aggregates observed per category pe
	Significant difference compared to Owithin strain-related exposure groups. Significant difference between strains within 
	†
	3 
	§

	Figure 3. UFPM increased microthrombi formation in myocardium and lung. UFPM increased microthrombi in the heart and lung compared to FA. Interestingly, UFPM-exposed SH rats had increased in the heart compared to UFPM-exposed WKY rats. Scores (scale: 0 to 5) were given based on number of aggregates observed per category in one of three samples assessed for each animal. Values are shown as the means ± SEM by strain. p-Values ≤ 0.05 were considered significant. *Significant difference compared to FA within st
	†

	OBJECTIVE 2. Characterize impact onmicrothrombi formation. 
	UFPM+O
	3 

	There were no strain-related effects on microthrombi formation in heart or lung tissue of FA-exposed rats. 
	Lung. Overall, UFPM exposure increased category I-II microthrombi in the lung (p < 0.001) compared to FA exposure (Fig. 2; Table 2). Within WKY-related exposure groups, UFPM significantly increased category I-II microthrombi (p ≤ 
	UFPM-Induced Microthrombi Formation 

	0.016) compared to FA. Within SH-related exposure groups, UFPM significantly increased category I-II microthrombi (p ≤ 0.008) compared to FA. UFPM-exposed SH rats displayed increased category I microthrombi (p = 0.053) compared to similarly-exposed WKY rats. Heart. Overall, UFPM exposure increased category I-III microthrombi in the heart (p ≤ 0.002) compared to FA exposure (Fig. 2; Table 3). Within WKY-related 
	exposure groups, UFPM significantly increased category I microthrombi (p £ 0.001) compared to FA. Within SH-related exposure groups, UFPM significantly increased category I-III microthrombi (p ≤ 0.003) compared to FA. UFPM-exposed SH rats displayed increased category I-III microthrombi (p ≤ 0.038) compared to similarly-exposed WKY rats. 
	Figure
	Note: Sections of the heart were evaluated histologically for interstitial fibrosis, microthrombi; or immunohistochemically for Nur77, nonapoptotic death marker, or JunB, myocardial ischemia marker. Myocardial fibrosis scores (scale: 0 to 5) were assigned based on extent and severity of lesions observed. The number of Nur77 and/or JunB-positive cell clusters within the left ventricle and interventricular septum of a heart section were counted and recorded per section. Microthrombi scores (scale: 0 to 5) wer
	†
	3 

	Figure
	Heart. Overall, UFPM exposure increased category I-III microthrombi in the heart (p ≤ 0.002) compared to FA exposure (Fig. 3; Table 3). Within WKY-related exposure groups, UFPM significantly increased category I microthrombi (p £ 0.001) compared to FA. Within SH-related exposure groups, UFPM significantly increased category I-III microthrombi (p ≤ 0.003) compared to FA. UFPM-exposed SH rats displayed increased category IIII microthrombi (p ≤ 0.038) compared to similarly-exposed WKY rats. There were no strai
	-
	O
	3
	-Induced Microthrombi Formation 
	differences in response to O
	3 

	Lung. increased category I-III microthrombi in the lung (p ≤ 
	UFPM+O
	3
	-Induced Microthrombi Formation 
	Overall, UFPM+O
	3 

	0.004) compared to FA; and category I-III p (Fig. 4; Table 2). Within WKY-related exposure groups, significantly increased category I-II microthrombi (p ≤ 0.029) compared to FA; and category I-II (p ≤ 0.040) compared . Within SH-related exposure groups, significantly increased category I-III microthrombi (p ≤ 0.004) compared to FA; and category I-III (p ≤ 0.034) compared . UFPM+O-exposed SH rats Figure 4. UFPM+Oincreased microthrombi formation in lung. UFPM+Odisplayed increased category I-III 
	(
	≤ 0.005) compared to O
	3 
	UFPM+O
	3 
	to O
	3
	UFPM+O
	3 
	to O
	3
	3
	3 
	3 

	-exposed 
	SH rats had increased microthrombi compared to UFPM+O
	3

	microthrombi (p ≤ 0.028) compared to 
	WKY rats. Scores (scale: 0 to 5) were given based on number of 
	similarly-exposed WKY rats. 
	aggregates observed per category in one of three samples assessed for Heart. increased each animal. Values are shown as the means ± SEM by strain. p-Values ≤ 
	Overall, UFPM+O
	3 

	0.05 were considered significant. *Significant difference compared to FA 
	0.05 were considered significant. *Significant difference compared to FA 
	category I-III microthrombi in the heart (p < 
	within strain-related exposure groups. Significant difference compared to 
	†

	0.001) compared to FA; and category I-II (p 
	within strain-related exposure groups. Significant difference between 
	O
	3 
	§

	(Fig. 5; Table 3). 
	< 0.001) compared to O
	3 

	-exposed WKY and SH rats. 
	UFPM+O
	3

	Within WKY-related exposure groups, significantly increased category I-II microthrombi (p ≤ 0.001) compared to FA; and category I-II (p ≤ 
	UFPM+O
	3 

	0.007) . Within SH-related exposure groups, UFPM+Osignificantly increased category I-III p p . UFPM+O-exposed SH rats displayed increased category I-III microthrombi (p ≤ 0.038) compared to similarly-exposed WKY rats. 
	compared to O
	3
	3 
	microthrombi (
	< 0.001) compared to FA; and category I-III (
	≤ 0.028) compared to O
	3
	3

	Figure
	increased microthrombi formation in myocardium. Right panel: Representative images of category -exposed SH rat. Left panel: Overall, increased category I-III microthrombi (p = 0.000) compared to FA and category I-II (p = 0.000) compared to . Importantly, UFPM+O-SH rats had increased category I-III microthrombi (p ≤ 0.007) compared to similarly-exposed WKY rats. Scores (scale: 0 to 5) were given based on number of aggregates observed per category in one of three samples assessed for each animal. Values are s
	Figure 5. 
	UFPM+O
	3 
	I-III fibrin-stabilized aggregates observed in left ventricular region of a UFPM+O
	3
	UFPM+O
	3 
	O
	3
	3
	†
	compared to O
	3 
	§
	3

	impact on myocardial injury. Overall, SH rats displayed significantly greater extent of replacement fibrosis (p < 0.001) compared to age-matched WKY rats, while there were no exposure effects in either strain (Fig. 6; Table 3). Unfortunately, there were no significant strain-or exposure-related differences for either Nur77 or JunB (Table 3). However, these results do not exclude ischemic injury. Previous epidemiologic studies have demonstrated that increased hospitalizations for cardiovascular-related event
	Objective 3. Define UFPM+O
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	Figure
	Figure 6. Myocardial fibrosis in WKY rat versus SH rats. SH rats 
	Figure 6. Myocardial fibrosis in WKY rat versus SH rats. SH rats 
	Figure 6. Myocardial fibrosis in WKY rat versus SH rats. SH rats 
	Figure 6. Myocardial fibrosis in WKY rat versus SH rats. SH rats 

	display increased fibrosis compared to WKY rats. Scores (scale: 
	display increased fibrosis compared to WKY rats. Scores (scale: 

	0 to 5) were assigned based on extent and severity of lesions 
	0 to 5) were assigned based on extent and severity of lesions 




	6. DISCUSSION 
	are ubiquitous air pollutants most often correlated with adverse cardiovascular impacts (30). Epidemiologic data has repeatedly demonstrated that older individuals with pre-existing CVD are at greater risk for air pollution-related cardiopulmonary morbidities and mortalities (1, 2). Growing evidence supports the notion that systemic inflammation, and endothelial injury and dysfunction play a critical role the adverse cardiovascular events associated with short and long term exposure to gaseous and particula
	PM2.5 and O
	3 
	rat model of CVD and define the impact of simultaneous exposure to UFPM and O
	3 

	In the current study, we confirmed that mature adult SH rats display CVD-associated cardiac structural remodeling independent of exposure (Table 3; Fig 6). This remodeling was characterized by increasing extent of interstitial expansion and replacement fibrosis within the left ventricle and interventricular septum. This observation is consistent with previous findings of cardiac remodeling and fibrosis in aging humans (34, 35) and SH rats (36-38). The observation of CVD-associated cardiac fibrosis in combin
	exposures increased fibrin-stabilized microthrombi within arterioles, and medium or large arteries within the heart and lungs, with mature adult SH rats being more susceptible to UFPM and compared to age-matched WKY rats. The observation of fibrin-stabilized microthrombi within the arterioles of the lung with UFPM is consistent the generation of ROS or other mediators and the induction of endothelial dysfunction and enhanced thrombosis (33). This pulmonary vascular response is exacerbated with exposure and 
	Both UFPM and UFPM+O
	3 
	UFPM+O
	3 
	UFPM+O
	3 
	exposed to UFPM+O
	3 

	A critical consideration that we made in designing the current study was the age of the rats to be studied. Aging is a progressive process of decline that leads to compromised physiological function, even in the absence of disease (40, 41). Age-related deterioration is particularly notable in the cardiopulmonary system. In the lung, aging alters immune responses, antioxidant defenses, and airway receptor activity (42). Structural changes can also occur, impairing lung compliance, and increasing work associa
	U.S. adult population will have some form of CVD (5). The mature adult rats used in this study demonstrated multiple age related changes including myocardial remodeling and fibrosis, and cardiac arrhythmias making them appropriate surrogates for modeling air pollution-induced cardiovascular responses in the aging human. 
	Two factors are critical to evaluation of our previous (3, 25) and current data, these are; (1) the relative delivered 
	Two factors are critical to evaluation of our previous (3, 25) and current data, these are; (1) the relative delivered 
	atmospheres. 
	dose of UFPM to the airway, and (2) the PAH composition of the UFPM and UFPM+O
	3 


	We employed a high concentration of particles in our UFPM atmospheres, much higher than typical ambient levels of PM0.1. For toxicologic assessments, however, it is more critical to evaluate dose-equivalent responses rather than replicate atmospheric pollutant concentrations (45). Because particle deposition is dependent on anatomic and physiologic characteristics, dose levels in a rodent are substantially lower than a human when exposed to similar pollutant concentrations (46). Thus, significantly higher c
	The experimental UFPM was produced by a premixed flame particle generating system, and contained vapor-and particulate-phase PAHs. The premixed flame particle generating system is ideal for toxicity testing of combustion-generated PM0.1 because it is reproducible, allows for compositional modification, and eliminates the composition and size-fraction variability associated with field samples. Previously, Chan et al. reported that biphenyls and naphthalene derivatives dominated both the vapor and particulate
	atmosphere (49). Although biphenyls were abundant in vapor-phase UFPM+O
	3
	-
	substituted naphthalene derivatives were identified. In contrast, the particulate-phase UFPM+O
	3 
	capacity (25). Previous studies indicated that atmospheric reactions of O
	3 
	vapor-and particulate-phases of UFPM, but was not present in either phase of UFPM+O
	3
	capacity, O
	3 
	rate of PAH conversion by O
	3 
	(3, 25) that the presence of O
	3 
	3 
	atmosphere (Table 1). Therefore, the biological effects resulting from UFPM+O
	3 
	O
	3 

	increased the extent of lung injury in WKY rats beyond an “additive” effect of the single-pollutant exposures combined, suggesting that biologic potency was enhanced (3, 25). These observations are similar to previously reported acute lung responses following exposure exposure to have elevated levels of thrombi in the lung and heart compared to UFPM exposure alone, these increases were at would be present at the airway surface where it can directly contribute to injury, but would not be present within the v
	We previously reported that the combination of UFPM and O
	3 
	to combined pollutants (15, 47, 48). In contrast, while there was a trend for the UFPM+O
	3 
	most additive. This difference may be due to the fact that O
	3 

	Integration of Results 
	Our current results, in combination with the results of our initial study in the same cohort of rats (3) a complex (Fig. 7). 
	picture arises of the cascade of events that eventually leads to myocardial injury in SH rats exposed to UFPM+O
	3 

	Though mature adult WKY and SH rats, both, exhibit similar baseline cardiac arrhythmias, SH rats have baseline characteristics that make them more susceptible to air pollution induced myocardial injury. This increase susceptibility is associated with the current observation that mature adult SH rats display greater interstitial expansion and replacement fibrosis within left ventricle and interventricular septum, and our previous 
	Though mature adult WKY and SH rats, both, exhibit similar baseline cardiac arrhythmias, SH rats have baseline characteristics that make them more susceptible to air pollution induced myocardial injury. This increase susceptibility is associated with the current observation that mature adult SH rats display greater interstitial expansion and replacement fibrosis within left ventricle and interventricular septum, and our previous 
	The Animal Model: 

	observations that SH rats display ventricular focal organized necrosis, greater leukocyte/platelet aggregation with stimulation and increased pulmonary sensitivity to oxidant stress. 

	reacts with PAHs contained in combustion-derived UFPM in the atmosphere to produce a potentially more toxic profile of oxidant-derived reaction products (Table 1; Fig. 7). 
	The Exposure Model: 
	Evidence from some studies suggest that atmospheric interactions between PM and O
	3 
	may enhance the adverse effects resulting from exposure (15, 47, 48). O
	3 

	reacts with antioxidants and lipid components of the airway lining fluid (ALF) to produce ozononation products that result in injury of airway epithelial cells (AECs) and inflammation. SH rats were more -induced effects. The inhalation of UFPM by itself resulted in increased fibrin-stabilized microthrombi within pulmonary arterioles of both WKY and SH rats consistent with UFPM deposition on the surface of the AECs of terminal airways and potentially the surface of alveolar epithelial cells (AlvECs) and the 
	The Lung: 
	O
	3 
	sensitive to these O
	3
	subsequent activation of platelets (Fig. 7). The inhalation of UFPM+O
	3 

	Inhalation of UFPM by itself resulted in increased fibrin-stabilized microthrombi within small ventricular arterioles of both WKY and SH rats. SH rats had more microthrombi in small ventricular arterioles resulted in greater fibrin-stabilized microthrombi within ventricular arterioles and small ventricular arteries of SH rats indicating a induced ventricular microthrombi responses in the WKY and SH rats was associated with an increased number and severity of premature ventricular contractions (PVCs) and an 
	The Heart: 
	and arteries that were more severe than those present in WKY rats. Inhalation of UFPM+O
	3 
	greater thrombotic response that was associated. The greater UFPM+O
	3 
	greater UFPM+O
	3 
	UFPM+O
	3 

	in SH rats and UFPM+Oin SH and WKY rats sends signals to the brainstem where the signals are integrated and result in pulmonary and cardiovascular reflexes (Fig. 7). The pulmonary reflexes result primarily in breathing pattern changes, including rapid shallow breathing (RSB) and augmented breaths (ABs). The cardiovascular reflexes result in changes in the parasympathetic (PNS) and sympathetic (SNS) nervous system outflow to the heart. The PNS and SNS innervate the sino-atrial node (SA node), atrioventricula
	Lung-Heart Interactions. 
	The activation of lung sensory nerves following exposure to O
	3 
	3 
	inhalation of O
	3 
	3 
	3 
	activation of the SNS is especially pronounced in SH rats exposed to UFPM+O
	3

	Another potentially critical lung-heart interaction is the extent that microthrombi produced in the lung and UFPM deposited in the lung are translocated to the systemic and coronary circulation (Fig. 7). The translocation of UFPM to the heart could potentially induce endothelial dysfunction, platelet activation, and microthrombi formation, thereby, further contributing to the vascular occlusion of coronary vessels (Fig. 7). 
	Relevance. This work improves scientific understanding of the adverse effects of simultaneous combined-pollutant exposure and provides novel insight into the association between ambient air pollution and increased cardiac morbidity and mortality in mature adult individuals with CVD. This will aid CARB in developing and evaluating air pollution standards in the context of the exacerbated adverse cardiovascular events that are and UFPM in individuals with preexisting cardiovascular disease and highlights the 
	Relevance. This work improves scientific understanding of the adverse effects of simultaneous combined-pollutant exposure and provides novel insight into the association between ambient air pollution and increased cardiac morbidity and mortality in mature adult individuals with CVD. This will aid CARB in developing and evaluating air pollution standards in the context of the exacerbated adverse cardiovascular events that are and UFPM in individuals with preexisting cardiovascular disease and highlights the 
	induced by the combined exposure to O
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	induced by combined pollutant exposure. This might require targeted controlled human and animal exposure studies, as well as new epidemiology studies that focus on pollutant interactions and their effects on cardiovascular and other outcomes. 

	Figure
	Figure 7. Integration of results of the current study (CARB# 17RD011, Combined Exposures to Ultrafine Particulate Matter and Ozone: Characterization of Particulate Deposition, Pulmonary Oxidant Stress and Myocardial Injury; PI Schelegle) and those from our previous study (CARB# 13-311, Co-exposure to UFPM and O: Pulmonary C fiber and platelet activation in decreased HRV; PI: Tablin) illustrating the integration of multiple mechanisms that contribute to adverse cardiovascular effects in rats, but may also be
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	7. RECOMMENDATIONS Time. Results from the present study clearly demonstrate that exposure-related effects that have different time courses must be examined at different time-points. In the present study, all endpoints were examined eight-hours post-exposure. However, our results clearly demonstrate that certain endpoints need to be examined at different time-points, outlined below. 
	Examine immediately (+0-hour) following exposure period. We recommend using a 1-hour exposure period to limit clearance. 
	Particle deposition: 

	Examine at one (+24-hour) and two (+48-hour) days post-exposure. PM-induced increases have been detected 24-hours post-exposure, but maximum expression occurred 48-hours post-exposure (59, 60). 
	Nrf2 antioxidant expression: 

	Examine at one (+24-hour) and two (+48-hour) days post-exposure. Previous epidemiologic studies have demonstrated that increased hospitalizations for cardiovascular-related events, including ischemia and infarction, occur one to two days following an increase in daily-levels of ambient PM (6). 
	Myocardial ischemia: 

	Examine role of endothelial dysfunction. Previously, we demonstrated that simultaneous exposure to resulted in similar airway injury and inflammation, changes in platelet activation and platelet-leukocyte interactions, and increased cardiac arrhythmias in mature adult rats with and without CVD. However, we do not detect significant differences between mature adult rats with CVD and those without CVD in fibrin-stabilized microthrombi in the pulmonary and coronary circulation and acute cellular necrosis. Thes
	UFPM+O
	3 

	altered UFPM in isolation. Results of the current study suggest that the change in increases the toxicity. Therefore, we recommend that , but without the Opresent. As above these studies should include measures of endothelial activation and dysfunction and microthrombi formation in mature adult rats with and without CVD. 
	Examine the toxicity of O
	3 
	the UFPM PAH composition following the reaction with O
	3 
	future investigations examine the response of UFPM and UFPM reacted with O
	3
	3 

	8. GLOSSARY OF TERMS, ABBREVIATIONS, AND SYMBOLS 
	ABs augmented breaths AECs airway epithelial cells ALF airway lining fluid 
	AlvECs alveolar epithelial cells ApEn approximate entropy AVB atrioventricular block 
	AV Node atrioventricular node CV cardiovascular CVD cardiovascular disease CF cardiac fibrosis ECG electrocardiogram EC/OC elemental carbon to organic carbon ratio FA filtered air HMOX-1 hemeoxygenase-1 HR heart rate HRV heart rate variability HF high frequency LF/HF ratio of low to high frequency NA nucleus ambiguus NTS nucleus tractus solitarius ozone PNS parasympathetic nervous system 
	O
	3 

	PM particulate matter PM0.1 particulate matter 0.1 µm or less in diameter PM2.5 particulate matter 2.5 µm or less in diameter 
	PTAH phosphotungstic acid-hematoxylin PAHs poly-aromatic hydrocarbons PVCs premature ventricular contractions 
	RSB rapid shallow breathing ROS reactive oxygen species 
	Rxn reaction RC respiratory center RT room temperature 
	RVLM rostral ventrolateral medulla 
	SH Spontaneous Hypertensive rats SOD superoxide dismutase SNS sympathetic nervous system 
	PM0.1 ultrafine particulate matter, aerodynamic diameter < 0.1 µm UFPM ultrafine particulate matter (surrogate particle) VO vascular occulsion co-pollutant atmosphere, simultaneous exposure WKY Wistar-Kyoto rats 
	UFPM+O
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