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Introduction: Chronic exposure to particulate matter (PM) has been associated with increased 

risks for several cardiovascular (CV) diseases which can culminate in higher morbidity and 

mortality. This research will test the effects of particle chemistry on the mouse electrocardiogram 

(ECG) by investigating adverse cardiac outcomes following exposures 1) during different 

seasons (winter/summer), and 2) to whole concentrated ambient particle (CAPs; containing 

organic species) or denuded CAPs (DeCAPs; PM thermally stripped of organic species) 

with/without the addition of ozone (O3), a ubiquitous environmental pollutant.  

 

Methods: A Versatile Aerosol Concentration Enrichment System (VACES) was used to 

concentrated PM atmospheres. Hyperlipidemic mice (apoE-/-) were exposed via whole body 

inhalation chambers for 5 hrs./day, 4 days/wk. All ECG parameters were acquired from freely 

moving, conscious mice and assessed at the same time every evening. An aerosol mass 

spectrometer (AMS) provided single-particle size and chemical composition as well as 

cumulative size-classified mass concentrations in real-time for non-refractory sub-micron aerosol 
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particles. The oxidative potential of different types of PM was analyzed using the antioxidant 

enzymes glutathione peroxidase (GPx) and glutathione reductase (GR).  

 

Results: Electrocardiogram (ECG) anomalies were exacerbated during periods with high ambient 

O3 levels suggesting that increased atmospheric interaction with O3 and other atmospheric 

pollutants generates more biologically active PM. CAPs exposure was found to be more 

cardiotoxic than DeCAPs exposure. Adding O3 to either CAPs or DeCAPs failed to elicit more 

severe adverse health effects compared to single pollutant exposures. Particles containing semi-

volatile organic compounds (SVOCs) produced dissimilar inhibitory responses in GPx and GR 

suggesting that oxidative stress could be altered via GSH accumulation. Levels of enzymatic 

impairment were similar in response to PM+O3 mixtures regardless of PM-bound SVOCs 

present suggesting that O3 is reacting with a more stable PM-bound constituents. 

 

Conclusion: This report describes how inhaled ambient PM is linked to alterations in cardiac 

electrophysiology and provides useful insight into particle characterization and cardiac 

dysfunction in relation to specific PM fractions and/or PM+O3 mixtures. Information about 

particle oxidative stress would be a valued addition to air quality legislation which currently 

relies on particle size as a main toxicological risk factor. 
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CHAPTER 1: GENERAL INTRODUCTION 
 

Exposure to elevated concentrations of particulate matter (PM) and ozone (O3) in 

polluted ambient air is a major public health issue that is associated with over 4 million 

premature deaths worldwide. 1-3 Chronic exposure to PM has been associated with increased 

risks for a number of cardiovascular (CV) risk factors including cardiac arrhythmias, myocardial 

infarctions, and chronic obstructive pulmonary disorder which can culminate in higher morbidity 

and mortality.4-12 Despite vigorous regulatory efforts in the U.S. residents of many communities 

are exposed to elevated concentrations of PM. For example, several southern California counties 

have reported average ambient pollutant levels in excess of National Ambient Air Quality 

Standards (NAAQS) or CalEPA standards, exposing roughly 18 million residents to PM2.5 (PM 

with diameters ≤ 2.5 µm) and O3 at concentrations that might cause or exacerbate lung and heart 

diseases. Additionally, chronic exposure to PM leads to changes in disease biomarkers such as 

altering heart rate variability (HRV), changes in vascular tone, increased oxidative stress, 

induced vascular inflammation, and increased atherosclerotic plaque formation in animals 13-20 

and humans 5,21-26. 

Air pollution is a complex mixture of gasses, liquid droplets, and solid particles in a 

range of sizes from nanoparticles (Dp ≤ 100 nm) to particles with diameters greater than 10 µm. 

The NAAQS standards have been established to protect individuals from PM-induced adverse 

health effects for particles ≤ 10 um aerodynamic diameter (PM10) and particles ≤ 2.5 μm (PM2.5). 

Epidemiological studies have demonstrated that associations with adverse health effects become 

stronger when one restricts the PM particles ≤ 1 µm. There is increased evidence from animal 

studies that even smaller particles (Dp ≤ 0.18 µm) have greater cardiovascular toxicity than do 



2 

 

PM2.5 particles with Dp > 0.18 μm, so called quasi-ultrafine particulate matter (Q-UFPM). 

Although these Q-UFPMs represent > 95% of particles by number, they are rarely, if ever, 

quantified in ambient air data used for epidemiological research. The smallest particle fraction, 

referred to as ultrafine PM (Dp ≤ 0.1 µm), are more pro-atherogenic than are their larger 

counterparts, possibly due to their greater surface area per unit mass allowing for the 

disproportionately higher concentration of redox-active and toxic organic chemicals carried on 

their surfaces 15,27-31. Despite this, there are currently no ambient air quality regulations, or 

specific guidelines for ultrafine PM, however there are federal and state air quality standards for 

PM2.5.  

Temporal changes are one of the factors impacting the atmospheric interaction of PM 

with gaseous components such as O3. PM has been reported to contain higher concentrations of 

more oxidized aerosols in summer months (when there are increase amounts of sunlight leading 

to higher levels of photochemical activity) compared to PM in winter months (when there are 

lower levels of sunlight leading to lower levels of photochemical) in a number of locations 32-40. 

For instance, significantly greater mortality rates are associated with cardiovascular diseases 

during periods of higher heat and ozone 41,42. Although the overall concentration of PM has been 

decreasing in recent years, PM concentration excursions associated with seasonal fluctuations 

and sporadic events such as wildfires (where ambient PM levels can exceed 100 µg/m3) have 

potential implications for public health 43.  

Regardless of the ultimate outcome, inhaled PM appears to initially promote pro-

inflammatory oxidative stress responses involving the biological formation of reactive oxygen 

species (ROS). Components of ambient air pollution, including O3, nitrogen oxides, mineral 

dusts, and environmental radiation have all been shown to enhance the generation of ROS in the 
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lungs 44-47. The oxidative properties of inhaled PM and the resulting biological effects is a 

function of PM size, composition, and source 48,49. Therefore, information about particle 

oxidative stress would be an appreciated supplement in air quality legislation. 

The purpose of this research is to answer four key questions about PM-induced health 

effects: 1) Do exposures to PM in the summer elicit more adverse health effects compared to PM 

exposures in the winter; 2) Does co-exposure to O3 and PM augment the effects of PM exposure 

alone; 3) Does O3 modify the oxidative potential of ambient PM; and 4) Does the removal of 

semi-volatile constituents from PM alter the O3-PM interaction.  
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CHAPTER 2: OBJECTIVES 

2.1 Hypothesis 

The goal of this thesis study was to investigate how seasonal differences in ambient PM 

affect changes in cardiac electrophysiology following particle inhalation. Additionally, this study 

analyzed how O3 was able to modify the oxidative potential of the PM and the physiologic 

outcomes to PM inhalation. O3 was expected to play a meaningful role in particle toxicity due to 

ability to oxidize PM-specific components thereby inducing ROS formation, such as semi-

volatile organic compounds (SVOCs), polycyclic aromatic hydrocarbons (PAHs), and metallic 

species. Furthermore, prior studies performed by our laboratory and others have established that 

concentrated ambient particles (CAPs) stripped of SVOCs via thermal denudation at 120 °C 

(known as Denuded CAPs, or DeCAPs) exhibited decreases in tissue-specific oxidant potential 

and other biological effects (e.g. atherosclerosis, systemic immune response, heart rate 

variability (HRV), and electrocardiogram (ECG) waveform morphology).  

This study provided a unique opportunity to investigate the relationship between O3 and 

ambient PM regarding the manifestation of ECG waveform dysfunction using a multi-

disciplinary approach (in vivo physiology, aerosol chemistry, and in vitro cell-free assays). It was 

hypothesized that exposures to ambient PM in the summer months (i.e., high photochemical 

activity) would elicit more adverse outcomes than exposure during the winter months (i.e., low 

photochemical activity). Additionally, O3 was thought to exacerbate the negative effects seen 

following PM exposure due to the formation of more pro-oxidant PM-bound species. 

Furthermore, exposure to DeCAPs + O3 are expected to produce less adverse outcomes than 

exposures to CAPs + O3 due to the removal of SVOCs leading to less reactive compounds.  
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Implanted ECG transmitters were used to determine weekly alterations in multiple 

parameters associated with the cardiac conduction system in response to various PM and PM+O3 

mixtures. Data from a state-of-the-art aerosol mass monitor (AMS) allowed for the correlation 

between physiologic measurements and particle chemistry. The mechanism of damage for PM 

was thought to be due to its oxidative potential. The addition of O3 to CAPs was expected to 

exacerbate antioxidant inhibition compared to PM alone. Moreover, adding O3 to DeCAPs was 

thought to decrease this inhibition due to the lack of SVOCs bound to the particles.  
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2.2 Specific Aims and Study Design 

2.2.1 Aim 1: Health Effects of Seasonal Ambient PM Exposure 

The overarching hypothesis tested by this study is that there is a seasonal difference in 

adverse cardiovascular health effects caused by summer PM exposures as compared to winter 

PM exposures and that oxidative stress may play a mechanistic role. The first specific aim to test 

the hypothesis determined the effect of chemical modifications of PM by photochemical 

activation on cardiac function and conduction. Specifically, we examined whether the severity of 

A) ECG waveform anomalies, B) heart rate variability (HRV), and C) blood pressure detriments 

in apoE-/- mice was greater following exposures during summer (with high ambient 

photochemical activity) compared to the same parameters following exposures during winter 

(with low ambient photochemical activity). All exposures were performed on the North Campus 

of University of California, Irvine (UCI) and all animal exposures and procedures were approved 

by the UCI Institutional Animal Care and Use Committee (IACUC). 

Exposure to ambient air pollution is a major public health concern. However, current 

mass based federal and state PM air quality standards fail to account for seasonal and regional 

differences in chemical composition that might provide the mode of action for PM toxicity. PM 

has been reported to contain higher concentrations of more oxidized aerosols in summer months 

(when photochemical activity is higher) compared to PM in winter months (when photochemical 

activity is lower) in a number of locations 32-40. Cardiovascular disease mortality rates have been 

reported to increase during periods of higher heat, O3 and photochemical activity 41,42,50. The 

cardiovascular effects resulting from 8-week inhalation PM2.5 during summer and winter seasons 

in a mouse model of coronary artery disease were examined. We hypothesized that since summer 

is a more photochemically active (PCA) season than winter, that PM2.5 formed during periods of 
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high PCA would be more potent than PM2.5 formed during low PCA periods, with respect to 

adverse patterns of heart rhythm, electrocardiogram (ECG) waveforms (i.e. interval changes and 

ventricular abnormalities) and blood pressure. 

Groups of apoE-/- mice were exposed to concentrated ambient PM (CAPs) during periods 

of high or low photochemical activity while apoE-/- mice exposed to purified air served as a 

negative control. The high PCA exposures were performed July-September of 2015 while the 

low PCA exposure were performed August-October of 2016.  

ECG waveforms were evaluated for changes in both time- and ventricular-related 

parameters. A tail-cuff sphygmomanometer system was used to measure effects on systolic and 

diastolic blood pressure after each week of exposure. The chemistry of the high and low PCA 

PM was determined using an Aerosol Mass Spectrometer (AMS) and measurements of UV 

radiation at the Earth’s surface for the local area were obtained from the National Oceanic and 

Atmospheric administration (NOAA). The AMS provided concentrations of oxidized compounds 

in ambient and exposure atmospheres. 

2.2.2 Aim 2: Health Effects of Exposure to PM and PM + O3 Mixtures 
 

 The second aim of this study tested whether increased O3 levels during high PCA periods 

were in part responsible for increased summer health effects. We tested whether the addition of 

O3 following particle concentration (mimicking atmospheric photochemical PM activation) 

produces cardiovascular alterations similar to those identified following exposure to PM formed during 

periods of high photochemical activity.  

While there are strong associations between PM exposure and cardiovascular disease, 

gaseous pollutants such as O3 are also associated with adverse cardiovascular effects, 

independent of PM 51. Ozone is a strong oxidant and can directly induce oxidative changes in the 
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lung which promote respiratory system inflammation, as does PM. In addition, O3 can react with 

PM constituents and oxidize organic compounds. Hence, there may be mechanistic interactions 

between the effects of PM and those of O3. Humans are often exposed to both PM2.5 and O3 as 

parts of a complex mixture of ambient air pollutants although peak exposures may vary spatially 

and temporally. However, little is known about potential interactions or synergisms arising from 

joint exposure to these two biologically active ambient pollutants. 

The cardiopulmonary effects of concurrent O3 and PM2.5 exposures were examined to 

determine whether the effects of the concurrent exposures differed from those observed 

following exposures to PM2.5 or O3 alone. Both CAPs and O3 are known inflammatory and 

irritant agents, we expected that the mixture would be more potent than CAPs alone with respect 

to adverse patterns of heart rhythm and ECG waveforms (i.e. interval changes, ventricular 

abnormalities). Since the VACES removes ambient O3 from the exposure aerosol before the 

CAPs is delivered to the exposed mice, controlled amounts of O3 (200 ppb) were metered into 

the exposure atmosphere. We also examined a secondary hypothesis that if O3 would react with 

PM-bound organic compounds, and if this resulted in any interactive health effects, removing the 

organics could block those interactions. A thermal denuder was used in this study to produce 

particles that were significantly depleted of organics (DeCAPs) and the possible interactions of 

these particles with O3 was also investigated. 

The physical and chemical composition of inhaled PM is expected to play a substantial 

role in cardiac toxicity. Our laboratory and others have shown that thermally denuded PM 

exhibit large losses in SVOCs including PAHs while more refractory species such as metal and 

elemental carbon remain adsorbed to the denuded PM. Our laboratory has also found that 

DeCAPs had decreased concentrations of organic carbon compared to intact CAPs which 
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corresponded to increases in the O:C ratio of the PM. Additionally, exposure to DeCAPs was 

found to elicit less severe cardiovascular outcomes compared to the intact CAPs. 

Groups of apoE-/- mice were exposed to CAPs or DeCAPs alone or in concert with O3. 

The exposures occurred during two periods due to limitations of the particle concentration 

system. Therefore, each exposure included both a purified and an O3 cohort which acted as a 

negative and positive control, respectively. As with aim 2.2.1, ECG waveforms were analyzed 

for changes in both time- and ventricular-related parameters with and compared with responses 

from the seasonal study. For this aim, the AMS provided oxygen-to-carbon (O:C) ratios, 

constituent-specific size distributions, and mass concentrations for generated PM atmospheres. 

Additionally, the AMS was used to establish correlations between specific organic species in the 

PM and PM + O3 atmospheres and measurements of HRV.  

 

2.2.3 Aim 3: Direct Effects of PM and PM + O3 Effects on Oxidative Potential 
 

  In order to examine if PM-induced oxidative stress was, in part, a mechanism by which 

inhaled PM might induce toxicity at the cellular and organ level, we examined how O3 co-

exposure mediated the oxidative potential of whole or denuded CAPs by testing the direct effects 

of PM and PM + O3 and measuring the response of oxidative stress enzymes using in vitro 

assays. 

 Ambient PM has been shown to exhibit oxidative properties which can promote oxidative 

tissue damage 34,52-57. This oxidant capacity is thought in part to be due to adsorbed metals or 

quinones which can generate reactive oxygen species (ROS) through their participation in the 

Fenton and redox-cycling reactions. 58,59. Inhaled oxidants react with cellular NADPH oxidase 

(NOX) to form superoxide, O2. Once made, O2, it quickly dismutates to form hydrogen peroxide 

(H2O2) either by a non-enzymatic reaction or through catalyzation with superoxide dismutase 
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(SOD) 60. The H2O2 formed can exacerbate inflammatory processes by hypohalous 

(hypochlorous and hypobromous) acids 61 which can oxidize proteins in lung epithelial cells and 

generate additional reactive species through lipid peroxidation pathways 62. Trace metals 

adsorbed to ambient particulate matter can react with H2O2-associated pathways, both 

environmentally and biologically 52,63,64. Additionally, the organic/elemental carbon constituents 

as well as total surface area also play a role in PM toxicity 48.  

Glutathione (γ-L
_glutamyl-L-cysteinyl-glycine; GSH) is an antioxidant that is largely 

involved in mitigating the effects of cellular reactive species, including peroxides, which occurs 

through a series of reduction and conjugation reactions involving the sulfhydryl group (-SH) of 

the compound 60. GSH exists in two redox states, reduced GSH and oxidized glutathione 

disulfide (GSSG). Proteins/enzymes such as glutathione peroxidase (GPx), glutathione reductase 

(GR), and SOD species are activated by the shift in the ratio of cellular GSH to GSSG in 

response to oxidative stress (ox stress). Increases in intracellular GSH have been shown to 

decrease pulmonary chemokine and cytokine responses by inhibiting NF-κB activation 65. In the 

case of GPx, lipid hydroperoxides and cellular hydrogen peroxide are respectively reduced to 

alcohols and water during the oxidation of GSH to GSSG 66.  

Previous studies have determined that PM is capable of directly inhibiting interacting 

with enzymes involved with the oxidative stress response 54,67. The ability of multiple types of 

PM and PM fractions (i.e., particles with/without semi-volatile organic compounds (SVOCs) and 

PM+O3 mixtures) to directly inhibit enzymes involved in biological oxidative stress outcomes 

was examined. We expected that CAPs would inhibit enzymatic activity to a greater degree than 

DeCAPs and that the addition of O3 to PM would exacerbate the enzymatic inhibition compared 

to PM alone due to increased ROS elicited by the PM+O3 mixtures.  
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Concentrated PM and PM + O3 particles were collected onto Teflon membrane filters and 

extracted via sonication/agitation into ultrapure water. Extracts were incubated with the enzymes 

and their respective substrates. The enzymatic inhibition in response to PM types was measured 

using ultraviolet (UV) absorbance assays in the 96-well format which allowed for minimal 

sample quantities. The National Institute of Standards and Technology (NIST) standard reference 

material (SRM) 1648a was used as a positive control. The SRM 1648a is an urban particulate 

matter sample that contains known amounts of organic constituents like multiple PAHs and 

polychlorinated biphenyl (PBC) as well as numerous metallic elements.  
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CHAPTER 3: METHODS 
 

3.1 Exposure  

3.1.1 Versatile Aerosol Concentration Enrichment System 

A Versatile Aerosol Concentration Enrichment System (VACES) 68-70 allowed for the 

concentration of local ambient PM, known as CAPs and has been adapted for animal exposures 

in real world environments and can enrich the concentration of ambient particles in the diameter 

range of 0.02 to 10 µm by a factor of 10 69-71. In this system, ambient PM is pulled in from above 

the laboratory at a rate of 300 liters per minute (LPM) and size-fractionated using a 2.5 µm slit 

impactor (Dp ≤ 2.5 µm). The PM2.5 is then grown to 2-3 µm droplets via a procedure that first 

saturates the particles in 26-30 °C water vapor and then condenses the saturated particles by 

passing them through a condensation tower surrounded by a -4 °C 1:1 mixture of water and 

ethylene glycol. The grown particles are then drawn into a system of 3 parallel virtual impactors 

(VI) and grown particles, which have sufficient inertia to not be deflected from a straight line are 

focused into the minor flow outlet located directly across from the impactor inlet operating at 

flow rates of 5 LPM. The bulk of the air and gaseous component molecules are diverted through 

a major flow outlet located to the side of the virtual impactor with a flow rate of 95 LPM per VI 

head. Concentrated PM in the minor flow then passes through diffusion dryers to remove excess 

water vapor, which returns the particles to a size distribution that closely approximates the size 

distribution of the sampled ambient aerosol.  

3.1.2 VACES Setup to Study Seasonal Effects in Ambient PM 

The schematic of the VACES used to study the seasonal effects of PM are shown in 

Figure 3.1. The study of season differences in ambient PM occurred in two phases. Phase 1 
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occurred from July-September of 2015 and is the time when animals were exposed to high PCA 

particles. The results of Phase 1 were contrasted with those of Phase 2, where animals were 

exposed to low PCA particles during August-October of 2016. Control mice for both exposure 

phases were exposed to air purified over potassium permanganate-impregnated alumina beads, 

activated carbon, and high-efficiency particle-free air (HEPA).  

 

Figure 3.1. Schematic of VACES and Exposure. Red lines indicate CAPs atmosphere. Green lines indicate 

purified air exposure. 1 

3.1.3 VACES Setup to Study the Effects of PM and PM + O3 

The schematic of the VACES used to study the effects of PM and PM + O3 mixtures is 

shown in Figure 3.2. This portion of the study was also performed in two phases. In both Phases, 

O3 was generated using a commercially available ozonizer (AquaZone, Red Sea Ozonizer) that 

used silent corona discharge to form O3 from pure compressed oxygen. In Phase 1, the effects of 

CAPs and 200 ppb O3, separately and in combination were contrasted, while in Phase 2 the 

effects of DeCAPs and O3, separately and in combination were contrasted. DeCAPs particles 

during Phase 2 were produced using a thermal denuder (Dekati LTD., Finland) heated to 120 °C 
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to remove the SVOCs (Figure 3.B). Animals in this part of the study underwent exposure to 

either A) CAPs; B) CAPs + O3 (at 200 ppb); C) DeCAPs; D) DeCAPs + O3 (at 200 ppb); E) O3 

(at 200 ppb), or F) air purified over potassium permanganate-impregnated alumina beads, 

activated carbon, and high-efficiency particle-free air (HEPA). 

 

Figure 3.2. Schematic design of VACES apparatus used to examine the effects of mixtures of ozone with 

CAPs and DeCAPs. A) Ambient PM was concentrated using a VACES instrument and partitioned into the PM2.5 

fraction using Sioutas Cascade Impactors. Ozone was produced using pure oxygen passed through a Red Sea 

AquaZone Ozonizer. Real-time PM measurements were made with a Condensation Particle Counter, an Aerosol 

Mass monitor, and a Photometric Ozone monitor. The organic constituents of the PM were analyzed using an 

Aerosol Mass Spectrometer; B) The SVOCs were removed from CAPs using a thermal denuder at 120 ℃ to 

produce a denuded CAPs atmosphere. The stripped PM was also combined with ozone to create a denuded CAPs + 

O3 atmosphere. 2 

 

3.1.4 VACES Setup to Collect PM and PM + O3 in Bulk 

The schematic of the VACES used to collect PM and PM + O3 mixtures is shown in 

Figure 3.3. In this part of the study, the CAPs provided by the VACES were divided into two 

legs; one leg directly deposited CAPs onto 45 mm polytetrafluoroethylene (PTFE) filters at a rate 

of 7.5 LPM while DeCAPs was formed in the second leg via a thermal denuder (Dekati LTD., 

Finland) heated to 120 °C and collected onto a PTFE at 7.5 LPM (Figure 2, red lines). During a 

separate collection period, O3 (200 ppb) was introduced into the generated CAPs at a rate of 1.0 

LPM. The CAPs from the VACES was split into two legs, the first of which was unmodified and 
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the second was connected to the thermal denuder. O3 (0.2 parts per million; ppm) was metered 

into the undenuded line to produce CAPs + O3 and into the denuded line to produce DeCAPs + 

O3. Particles from both lines were collected on 45 mm PTFE filters at a rate of 8.0 LPM per 

particle type for 7 hrs./day for 10-15 days, depending on PM type to provide sufficiently large 

integrated samples. Filters were stored inside their stainless steel filter holders between each 

exposure day. After the final collection, the loaded filers were placed in a temperature- and 

humidity-controlled weigh room for 24-48 hrs. until gravimetric analysis (Chapter 3.6.4)  

 

Figure 3.3. VACES and Filter Collection Schematic. Red lines represent CAPs and DeCAPs. Orange lines 

represent CAPs + O3 and DeCAPs + O3. Un-ozonated PM was collected at 7.5 LPM while ozonated PM was 

collected at 8.0 LPM. 3 
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3.2 Animal Husbandry and Housing  

Animals were housed at the University of California, Irvine in a vivarium accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). The 

vivarium maintained temperature-controlled rooms with a 12-hr light/dark cycle, and mice were 

housed in ventilated cages supplied with purified air. All mice received a standard chow diet 

(Teklad Envigo, Indianapolis, IN, USA) and water ad lib while in housing. Mice without 

telemetry implants were housed 4 per while implanted mice were housed singly to facilitate ECG 

monitoring. 

3.3 Animals  

Mice lacking the gene coding for apolipoprotein E (apoE-/-; Jackson Laboratory, Bar 

Harbor, ME) were used in this study because they are susceptible to developing atherosclerosis-

like plaques in their coronary and aortic arteries. These mice, which have high serum levels of 

very low-density lipoproteins (LDL), have been used successfully in studies of the effects of PM 

exposure on the heart 17,72-75. The mice were between 10-12 weeks of age at the start of all 

exposures. The animals were conditioned to the exposure system in purified air one week before 

baseline measurements were acquired. 

 
Figure 3.4. Exposure Timeline. Mice were exposed 5 hours/day, 4 days/week, for 8 weeks. Electrocardiographic 

(ECG) radiotelemetry devices were surgically implanted and baseline measurements obtained 3 weeks and 1 week 

prior to the exposure start date, respectively. ECGs were recorded continually for the duration of the experiment and 

analyzed during time periods immediately after exposure. 4 

 

All mice (n=16 per groups) were exposed 5 hours/day (7:00 AM– 12:00 PM), 4 

days/week (Tuesday – Friday) for 8 weeks during both exposure studies. Baseline ECG 
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measurements were obtained one week before exposure initiation and 2 two weeks following 

telemetry implantation (Figure3.4). Cardiac electrophysiology was monitored continuously 

before, during and after exposures. 

Each exposure morning, all mice were transferred from their housing cages to stainless 

steel whole-body exposure chambers while still inside the vivarium. Perforated stainless steel 

grids were inserted into the cages to ensure the mice remained singly confined. Mice were 

allowed to move freely while constrained to their individual portion of the chambers. Once 

loaded, the chambers were sealed using a plexiglass cover and transferred to the exposure room. 

The plexiglass lid of each exposure chamber contained one inlet and one outlet port. Each 

chamber inlet was connected to its appropriate location on the VACES system and the CAPs was 

delivered to the mice using a nozzle designed and validated to provide a uniform distribution of 

PM within the exposure chamber 76. The exposure atmospheres were pulled through each 

chamber using a vacuum pump connected to large dampening chamber. Rotameters attached 

inline between the pump and the chambers allowed for a steady flow of 2.0 LPM per chamber.  

In all exposures, a total of 2 chambers per atmosphere were connected to their 

appropriate position on the VACES. The flow rate through each chamber was checked at the 

beginning of each exposure day to ensure that the system was providing adequate airflow for the 

animals. The whole-body chamber pressures, temperatures, and flow rates were monitored every 

15 minutes during the exposures. Rotameters were used as a visual representation of airflow 

through each chamber. Chamber pressures were used to monitor pressure drop across each 

chamber and provided additional assurance that the cages were receiving adequate airflow. 

Chamber temperatures were monitored using adhesive strips and were maintained at 75 ± 5°F. 

Animals were observed every 15 minutes throughout the exposure period for signs of distress.  
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3.4 Telemetry Implantation 

Radiotelemetry electrocardiographic monitors (ETA-F20, Data Sciences International, St 

Paul, MN, USA) allowed for continual acquisition of movement, temperature, and ECG 

measurements in the awake, freely moving mice. A subset of 5 mice in each exposure group was 

implanted with these devices. Prior to surgery, mice were anesthetized under isoflurane, secured 

on to a heat pad kept to a consistent 37 °, and the abdominal fur removed using Nair (Church and 

Dwight, Ewing NJ). The surgery began when mechanical stimulation to the mouse’s foot pad did 

not elicit any response. The telemetry devices were implanted intraperitoneally (I.P) in a 

modified Lead II configuration. Surgical wounds were closed using a combination of 

Polyviolene braded sutures and would clips. All surgical procedures were performed using sterile 

technique.  

 Following surgery, the mice received Buprenorphine (2 days; 0.1 mg/kg body weight) for 

pain management and Enrofloxacin (7 days; 5.0 mg/kg body weight) to combat any possible 

infection. After a two-week recovery period, the mice were acclimated to the exposure system 

and baseline measurements of ECG parameters were obtained during which the mice were 

exposed to purified air. ECG signals were recorded during both exposure and non-exposure 

periods using PhysioTel® receivers (RMC-1, Data Sciences International, St Paul, MN, USA) 

connected to easyMATRIX16® amplification boxes and processed through iox2® acquisition 

software (EMKA Technologies S.A.S., Falls Church, VA, USA).  
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3.5 Exposure Atmosphere Characterization 

3.5.1 Real-time particle concentration monitoring 

Ambient and concentrated particle number and mass concentrations were monitored real-

time during all exposures using a Condensation Particle Counter (CPC Model 3022A; TSI, 

Shoreview, MN, USA) a real-time optical mass monitor (DustTrak Model 8520, TSI, Shoreview, 

MN, USA), respectively. The monitors were located directly upstream from the exposure 

chambers and measurements were recorded every 15 minutes from all post-VACES atmospheres 

as well as from the purified air control atmosphere. The performance of VACES was determined 

based on the ratio of CAPs to ambient PM concentration during the entire exposure period.  

3.5.2 Aerosol Mass Spectrometry 

Size-resolved aerosol organic and inorganic constituent compositions were measured 

using a high-resolution Aerosol Mass Spectrometer (AMS, Aerodyne Research, Billerica, MA, 

USA) which provided size and chemical composition as well as mass concentrations in real-time 

for non-refractory sub-micron aerosol particles 77. In this context, non-refractory refers to 

chemical species that evaporate quickly at 600 °C in a vacuum. Samples of ambient and post-

VACES aerosol were sampled at a rate of 80 ml/min and the particles separated by aerodynamic 

diameter in a time-of-flight vacuum chamber. The particles then underwent vaporization at 600 

°C followed by electron impaction ionization thereby generating small particle fragments that are 

detectable based on their mass:charge ratio. The AMS was not capable of identifying refractory 

materials such as metals or elemental carbon which are resistant to degradation at 600 °C. 

The AMS was used to analyze exposure and ambient aerosol composition during the 

exposure studies to determine differences in PM characteristics. High resolution (V mode) data 

were analyzed with Igor Pro v. 6.37 (Wavemetrics, Inc.) using Squirrel (v. 1.57I) and PIKA 
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(1.16I) with the improved ambient method 78 to provide compositional analysis of particles. 

Control sampling, through a HEPA filter, was performed daily to allow adjustments to the 

default fragmentation table for the fragments CO2
+ and 15N14N+. Oxygen to carbon ratio (O:C) of 

the particles are expected to increase as hydrocarbon compounds are progressively oxidized to 

aldehydes, ketones, and acids during atmospheric aging. The oxygen to carbon ratio (O:C) 

measurements were carried out on several exposure and non-exposure days during August 

through October of 2014, February of 2015, May of 2016, and August through October of 2016. 

Sampling was carried out at 1-2-minute time resolution and daily averages were calculated for 

time periods of approximately 9 am to 12 pm to overlap with the exposure timeframe. 

3.5.3 O3 Concentration 

Ozone was monitored using an ultraviolet (UV) absorption analyzer (Model 400A, 

Teledyne API) which measures the concentration of O3 in air by calculating the absorption of a 

254 nm UV light signal in proportion to the amount of O3 present in the sample cell. This 

calculation is based on the Beer-Lambert law which considers the wavelength of the UV light 

source and the path length of the UV sample cell. The monitor was checked daily against a 

calibrated transfer standard. Concentrations of O3 were maintained at 200 ppb during all required 

exposures.  

3.5.4 Gravimetric Analysis 

Particle lines were placed in parallel with the chambers from each exposure atmosphere 

to collect particles on 25 mm polytetrafluoroethylene (PTFE) membrane filters for gravimetric 

analysis during the two animal exposures. Particles were deposited onto the filter at a rate of 1.0 

LPM during each of the exposures. Pre- and post-weighed filters were placed in a temperature- 

and humidity-controlled weigh room for 24-48 hrs. and weighed using a microbalance (Cahn 31, 
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ThermoFisher, Weltham, MA, USA), with the difference in measured weight indicating the total 

mass of particles collected during the exposure week. Particle mass concentrations were 

determined for each exposure atmosphere on a weekly basis by dividing the measured weekly 

mass identified on the filter by the total weekly volume of air flow through the filter. 

3.5.5 Elemental Carbon and Organic Carbon (EC/OC) 

 Particle lines were placed in parallel with the chambers from each exposure atmosphere 

to collect particles on 25 mm Quartz filters (Tissuquartz 2500-QAT, Pall Corp.). Filters were 

baked at 550 °C for 15 hrs. prior to use to purge any residual impurities from the filters. Particles 

were deposited onto the filter at a rate of 1.0 LPM during each of the exposures. Filters were 

stored inside their stainless steel filter holders at -20 °C between each exposure day. At the end 

of the exposure week, the Quartz filters were immediately placed in foil-line petri dishes 

wrapped with Parafilm M®  laboratory tape (Bemis Company Inc, Oshkosh WI) and stored at -20 

°C to minimize changes in the more volatile PM-bound species.  

Loaded Quartz filters from the PM + O3 exposure study (Chapter 3.3.3) were analyzed 

for elemental carbon (EC) and organic carbon (OC) using a Thermal Evolution/Optical 

Transmittance (TOT) analyzer (Lab OC-EC Aerosol Analyzer, Sunset Laboratories, Tigard, OR) 

79,80 and following the predefined IMPROVE A protocol 81,82. A 1 cm2 punch of each filter was 

removed and placed into the oven of the analyzer where the collected PM is removed from the 

filter using thermal desorption in an inert helium environment. The vaporized OC was then 

oxidized under controlled heating conditions (maximum 600 °C) to form carbon dioxide and 

subsequently reduced to methane. A flame ionization detector (FID) is used to monitor the 

analysis. Some degree of pyrolysis of OC to EC is expected to occur due to the nature of this 

analysis and therefore is quantitated using an optical laser detector contained within the system.  
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 Elemental carbon was also measured using the TOT analyzer. Following the OC 

measurements, the sample oven was heated to 850 °C and the sample chamber inundated with a 

helium/oxygen mixture thereby promoting the oxidation of EC to carbon dioxide. Due to the 

pyrolytic activity during the OC measurements, the EC measured during this stage contains both 

original EC from the sample and the EC produced through pyrolysis. Therefore, the final EC 

concentration measure for each sample was the difference between the detected EC and the 

pyrolysis-derived EC while the total OC concentration for each sample was calculated as the sum 

of the detected OC plus the pyrolytically converted OC. The mass of carbon on the entire filter 

was calculated by multiplying the mass of carbon detected in the sample by the ratio of the total 

area of the filter to the area of the punch (i.e., filter mass = sample mass x (Total Filter Area/Punch Area)). 

This calculated filter mass was then divided by the weekly total flow through the filter to 

determine the total concentration of EC and OC in each exposure atmosphere.  

3.6 Non-Invasive Blood Pressure 

Measures of systolic, diastolic, and mean blood pressure were collected weekly from 

restrained animals using a tail-cuff acquisition system (CODA, Kent Scientific, CT). This system 

uses a volume pressure recording (VPR) sensor to determine the systolic and diastolic  blood 

pressure in rodents by determining tail blood volume. The VPR is clinically validated and 

provides a 99% correlation between telemetry and direct blood pressure measurements 83.  

Mice were acclimated to the restraint tubes for 1 week prior to the start of each study. 

During acquisition periods, mice were placed on heated platforms which helped to maintain 

adequate blood volume in the tails. Blood pressure measurements were taken weekly, and data 

was collected on all animals one day prior to each exposure week. A total of 5 successful blood 
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pressure measurements during each recording session for each mouse in each cohort were 

acquired. 

3.7 Necropsies 

 All mice were sacrificed 24 hrs. following their last exposure. Mice were terminally 

injected with 250 mg/kg of pentobarbital sodium and phenytoin sodium (Euthasol, Virbac 

Animal Heath, TX) to suppress neurological control of respiratory function. Once mechanical 

stimulation in the mouse was sufficiently suppressed, the abdominal cavity was opened and 

exsanguination through the vena cava acted as the ultimate cause of death.  

3.8 Electrocardiogram Measurements 

All ECG and HRV parameters were acquired from freely moving, conscious mice and 

assessed at the same time every evening beginning 6 hours following exposure period (7:00 PM– 

12:00 AM). The final analysis was performed on mice (n=3-5 per groups) whose telemetry 

signals remained consistent throughout the exposure period. All waveforms were defined using 

ecgAUTO® software (EMKA Technologies S.A.S., Falls Church, VA, USA) following 

definitions defined in Herman et al 2020 84. As shown in Figure 3.5, the P-wave Duration (Figure 

3.5, 1) corresponds to atrial depolarization while the PR interval (Figure 3.5, 2) relates to the 

delay of the electrical impulse at the AV node and can be calculated as the time between of the 

first deflections of the P-wave and QRS wave complex. The QRS-wave complex (Figure 3.5, 3) 

primarily represents the start of the ventricular depolarization and the end of atrial repolarization; 

the time interval between consecutive QRS-waves is defined as the R-R interval. The completion 

of ventricular depolarization following the QRS-wave (Figure 3.5, 4) and the ventricular 

repolarization phase, known as the T-wave (Figure 3.5, 5), occur almost instantaneously. Due to 



24 

 

the absence of the murine ST segment, the T-wave was used to evaluate ventricular 

repolarization changes indicative of myocardial ischemia 85. The T-wave area was defined as the 

area over or under the ECG tracing from the peak of the J-wave to the end of the T-wave, or 

where the T-wave returns to the isoelectric point. The T-wave amplitude was defined as the 

distance from the isoelectric line point of lowest deflection within the T-wave. The QT-interval 

encompasses the length of time from the onset of the Q-wave to the conclusion of the T-wave 

and corresponds to the ventricular repolarization phase and was measured and heart rate-

corrected using Mitchell’s correction 86. Ventricular repolarization is completed by the end of the 

T-wave and before the subsequent atrial depolarization (Figure 3.5, 6). For this analysis, six ECG 

parameters were acquired: Heart Rate, RR interval, PR interval, corrected QT interval, T-wave 

area, and T-wave amplitude 85,87-89. Other endpoints and waveforms were discussed for the sake 

of thoroughness.  

HRV is the magnitude of variance explained (time-domain) in the heart’s rhythm across 

different spectra (frequency-domain) of periodic oscillations in heart rate and was calculated 

using ecgAUTO® (EMKA Technologies S.A.S., Falls Church, VA, USA). ECG recordings were 

collected daily and analyzed in 30 second increments. Segments with less than 200 total R-waves 

or with a standard deviation of the averaged N-N values (SDNN) greater than 8 ms were 

excluded from daily exposure averages. Individual RR signal segments were averaged to obtain a 

single HRV value was calculated for each five-hour acquisition period. The root mean square of 

successive differences in the RR interval (RMSSD) was also calculated and is used here to 

represent the short-term deviations in heart beat and may indicate the integrity of the vagus 

nerve-mediated autonomic control of the heart 90. Portions of these spectra reflect different 

autonomic influences on heart rate. Interpolated RR intervals underwent power spectral analysis 
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via Fast Fourier Transform to obtain frequency domain HRV measures. Segments with 

stationary stable signals and void of ectopic beats were selected following the guidelines 

established by the Task Force of the European Society of Cardiology 91. The total power in both 

the high frequency (HF; 1.5-5.0 Hz 92) and the low frequency (LF, 0.1-1.5 Hz) HRV band were 

calculated for each recording by solving for the integral of the high and low frequency bands, 

respectively. The HF band of the heart period power spectrum has been used to estimate cardiac 

vagal control 93 and decreased cardiac vagal activity in humans has been found to be associated 

with an increased risk of coronary atherosclerosis 94. Heart period oscillations at lower 

frequencies are less well understood but may represent mixed sympathetic-parasympathetic and 

thermoregulatory influences 95,96. 

 

 
Figure 3.5. ECG Waveform Definitions. All waveform definitions were defined using ecgAUTO (see text for full 

definitions). Waveform libraries were assembled for each mouse using data acquired during a one-week baseline 

period immediately preceding the start of the exposure. Changes in ECG morphology in exposed mice were 

determined by comparing daily waveform measurements against baseline values. Circled numbers in the ECG trace 

correspond to defined contraction (orange shading) and relaxation (green shading) events in the heart highlighted on 

the right of the image. 5 
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3.9 Oxidative Stress-Related Assays 

3.9.1 PM Extraction Procedure 

Loaded filters were placed face down in clean amber glass containers. Ethanol (100 µl) 

was added dropwise onto the filter followed by 4 ml of water that was purified to an electrical 

resistance of 18.2 MΩ. The filters were twice sonicated on ice and agitated at 12000 RPM for 30 

and 15 minutes, respectively. Extracted solutions were then transferred to 15 ml conical tubes 

and evaporated under nitrogen to a final volume of 100 µl. Extracted filters were placed back in 

the temperature- and humidity-controlled weigh room for 24-48 hrs. and then re-weighed to 

determine the final filter extraction efficiency. The evaporated samples were then diluted in order 

to produce PM slurries of equal concentration and stored at -20 °C until needed. 

3.9.2 Oxidative Stress Assays 

Two enzymes were selected for this analysis: A) glutathione Peroxidase (GPx), an 

enzyme that uses glutathione as the reducing substrate in the catalyzation of hydroperoxides, 

including hydrogen peroxide, and is a key component against oxidative stress; and B) glutathione 

reductase (GR), which is responsible for catalyzing the NADPH-dependent reduction of oxidized 

glutathione.  

GPx (cat # 703102) and GR (cat # 703202) were detected using assay kits from Cayman 

Chemical (Ann Arbor, MI). Both assays were performed according to the provided protocols, 

with 20 µl of particle suspension used as a test material instead of biological samples. However, 

to test the inhibitory effect of PM directly, 20 µl of assay buffer was substituted for GPx control 

for each sample well. Absorbance at 340 nm was measured using a Synergy Mx microplate 

reader (BioTek Instruments, VT). The decrease in absorbance was measured every 5 minutes to 

assess the particle/enzyme interaction over time. Extraction media from a clean, unloaded filter 
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was used as background controls for both assays while urban particulate matter standard 

reference material (SRM) 1648a was used as a positive control. The SRM 1648a sample has 

been thoroughly characterized and contains known amounts of organic constituents such as 

multiple PAHs and polychlorinated biphenyl (PBC) as well as numerous metallic elements.  

3.10 Data Analysis and Statistics 

Baseline data between groups in each exposure period were compared by Student’s two-

tailed t-test with P ≤ 0.05 considered significant. Differences in particle characteristics were 

detected using general linear model-multivariate analysis of variance (GLM-MANOVA) 

methods. Change from baseline measurements for ECG waveforms, HRV, and blood pressure 

between exposure group means were presented as weekly averages ± the standard error of the 

mean (SEM). Significance between exposure groups were determined at an exposure level using 

Bonferroni-corrected two-way analysis of variance (ANOVA) for repeated measures. Fisher’s F-

statistics as well as the proportion of total variance in the dependent variables, or partial η2 was 

identified for each endpoint. SPSS® (IBM, Armonk, NY, USA) was used for all statistical 

analyses. Normalcy of the data was checked using a Shapiro-Wilk test. Significance was 

assessed at P ≤ 0.05.  

 The oxidative stress assays measured the change in absorbance per minute at 340 nm 

(ΔA340). This absorbance was calculated for each particle sample in duplicate and then adjusted 

for the non-enzymatic background ΔA340. Total enzyme activity was calculated using Equation 

3.1 (see below).  
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Equation 3.1: Antioxidant Enzyme Activity1 

  𝐺𝑃𝑥 𝑜𝑟 𝐺𝑅 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
ΔA340 𝑚𝑖𝑛⁄

0.00373 µ𝑀−1 𝑥
0.19 𝑚𝑙

0.02 𝑚𝑙
 = 𝑛𝑚𝑜𝑙/𝑚𝑖𝑛/𝑚𝑙  

 where 0.00373 µM-1 is the extinction coefficient of NADPH adjusted for well depth of 

the microplate for which the samples were read. Final data (based on n = 2 wells per sample 

type) are displayed as the enzymatic activity as a percentage of the assay control. 
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CHAPTER 4: RESULTS AND DISCUSSION 
 

4.1 Health Effects of Seasonal Ambient PM Exposure 

4.1.1 Results 

4.1.1.1 EXPOSURE PARAMETERS AND ATMOSPHERE CHARACTERISTICS 

A summary of the parameters and atmosphere characteristics to which genetically 

modified, hyperlipidemic (apoE-/-) mice were exposed is provided in Table 4.1. High 

photochemical activity (PCA) exposures to concentrated ambient particles (CAPs) were 

performed from July 23, 2015 through September 11, 2015 while the low PCA exposures were 

performed from August 23 through October 20, 2016. Ambient particle concentrations were 

slightly higher during the low PCA time-period compared to the high PCA period, but the 

average mass concentrations of the CAPs during the two exposure periods were comparable. The 

PM content of the filtered control air was routinely monitored for PM mass and averaged less 

than 0.1 µg/m3. Ambient ozone and dewpoint levels were higher during the periods of high PCA 

activity; the mean ambient temperatures were comparable for both exposure periods. The mice 

were, however, exposed in temperature-regulated chambers and they were not affected by 

variations in ambient temperature.  
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Table 4.1. Exposure parameters and atmosphere characteristics for both high and low PCA Concentrated 

Ambient Particles (CAPs) PM2.5. Data presented as exposure averages ± standard deviation. 1 

 

 

For comparison, Table 4.2 shows the relevant ambient air quality standards for O3, PM2.5, 

carbon monoxide (CO), and nitrogen dioxide (NO2). Animals in this exposure were exposed to 

particles at a level below that of 24-hr national standard but above both the national and 

California annual standards. The South Coast AQMD (SCAQMD) also measured summer (High 

PCA) and winter (Low PCA) concentrations for these criteria pollutants. These measurements 

were calculated using data from the SCAQMD air quality station (AQS) that was both the closest 

in distance to our laboratory and contained the most comprehensive records (AQS # 06059007, 

Anaheim-Loara School). All our CAPs exposures, when calculated as time weighted 24-hr 

equivalented average concentrations were below the applicable state and national limits.  
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Table 4.2. Relevant ambient air quality standards for ozone, PM2.5, carbon monoxide (CO), and nitrogen 

dioxide (NO2). Concentrations of local criteria pollutants acquired from a SCAQMD air quality station  

(AQS #: 060590007). Table 2 

  Ambient Air Quality Standards 

    National  California 

Ozone (ppb) 70 70 

PM2.5 (ug m-3) 
24-hr 75 -- 

Annual 12 12 

CO (ppm) 
1-hr 35 20 

8-hr 9 9 

NO2 (ppb) 
1 hr 100 180 

Annual 53 30 

  Comparative South Coast Basin Concentrations 

    Summer (High PCA) Winter (Low PCA) 

Ozone (ppb)  30 28 

PM2.5 (ug m-3)  14 12 

CO (ppm) 0.35 0.62 

NO2 (ppb) 10 18 

 

Oxygen to carbon (O:C) ratios were examined for ambient PM2.5 over multiple seasons 

and years, including the exposure periods for this study. Figure 4.1 shows that particle O:C tends 

to be higher in spring/summer and lower in fall/winter periods. The O:C of the particles is 

expected to increase as hydrocarbon compounds are progressively oxidized to aldehydes, 

ketones, and acids during atmospheric aging. This seasonal variation in O:C was observed for 

both ambient PM and CAPs in the fall, showing that the average oxygen content of CAPs is 

similar to that of ambient particles. Figure 4.1 also shows that the seasonal trends in O:C ratios 

of analyzed PM2.5 appear to track seasonal changes in UV radiation flux at the Earth’s surface, 

which would be the driving force for atmospheric photochemical activity that influences the 

formation and composition of PM. While there are clearly many variables that will contribute to 

the composition of the organic fraction of particles, the reactive chemical species that initiate 

oxidation of volatile organic compounds in air are photochemically derived and thus our 

observed the trend in PM O:C is consistent with prior observations in Southern California 97.  
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Figure 4.1. Oxygen-to-carbon ratios of PM1 sampled during different seasons compared to UV radiation at 

Earth’s surface. Green markers indicate late fall/early winter of 2014, red markers indicate late spring/early 

summer of 2016. UV flux based on UV wavelength range at 30°N latitude (close to Irvine) solar zenith angles at 

12:00 pm PST 97. Exposure periods for this study occurred during periods designated by red and blue dots. 6 
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4.1.1.2 BASELINE VALUES 

Baseline data for all physiologic parameters are presented in Table 4.3. Exposed and air 

control animals during both high and low PCA time periods exhibited comparable baseline 

measurements in most responses.  

Table 4.3. Average baseline values for all measured endpoints ± SEM. Significant differences between cohorts 

during each experimental period assessed at P ≤ 0.05 using Student’s T-test and indicated by bolded italics. 3 
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4.1.1.3 HEMODYNAMICS  

Mice exposed to CAPs formed during high PCA periods exhibited increased systolic and 

diastolic blood pressure compared to purified air controls (Figure 4.2A,C) with exposure cohort 

accounting for roughly forty percent of the variance in both parameters (Table 4.4). There was 

no observed blood pressure differences in mice exposed to CAPs formed during periods of low 

PCA compared to controls (Figure 4.2B, D) 

 

 

Figure 4.2. Blood pressure changes induced by particle exposure. Data represent weekly aggregates of change 

from baseline values for control and exposed animals during periods of high or low photochemical activity (± SEM, 

n = 3-5/group depending on acquisition scheduling). High PCA data set is complete and sporadic due to system 

availability. Low PCA CAPs data from week 2 is missing due to acquisition program errors. Significance assessed at 

p ≤ 0.05; *CAPs significantly different than air over entire exposure period.7 
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4.1.1.4 HEART RATE VARIABILITY (HRV) 

8-week exposure during the high PCA time period resulted in decreased RMSSD and HF 

HRV parameters relative to air over the course of the exposure period (Figure 4.3A, 4.3C). This 

alteration in both time and frequency domain parameters may be indicative of augmented cardiac 

vagal control and activation of the parasympathetic nervous system. Mice exposed to low PCA 

CAPs experienced no change HRV parameters compared to control.  
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Figure 4.3. HRV averages for high and low PCA CAPs exposures. Data represent weekly aggregates of change 

from baseline values for control and exposed animals during periods of high or low photochemical activity (± SEM, 

n = 3-5/group depending on acquisition scheduling). Low PCA CAPs data from week 2 is missing due to acquisition 

program errors. Significance assessed at p ≤ 0.05; *CAPs significantly different than air over entire exposure period. 

8 
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4.1.1.5 ELECTROCARDIOGRAPHIC (ECG) WAVEFORM PARAMETERS 

Exposure to CAPs during periods of high PCA elicited more pronounced alterations in 

rate-related ECG waveforms compared to exposures during periods of low photochemical 

activity. High PCA exposures decreased overall heart rate compared to air controls (Figure 4.4A, 

4.4B) while no effect on RR interval was measured for either the high or low PCA exposures 

(Figure 4.4C, 4.4D). No significant differences in PR interval duration were measured during 

either exposure period suggesting limited atrial conduction dysfunction. However, the animals 

exposed during the high PCA period exhibited a consistent decrease compared to controls during 

most of the exposure period (Figure 4.4E). The QRS interval duration in mice exposed during 

the high PCA period was also significantly longer relative to air controls possibly indicating 

impaired cardiac depolarization (Figure 4.4G). This decreased trend, though not significant, was 

also present during the rate-corrected QT segment (QTcM) possibly indicating that the 

impairments caused by high PCA CAPs exposure may preferentially impact ventricular 

repolarization processes (Figure 4.4I). Interestingly, exposure to particle formed during low PCA 

periods resulted in phases of increased QRS intervals compared to air controls (Figure 4.4H). 

Additionally, the decreased QTcM duration may be attributed to the significant QRS complex 

prolongation (Figure 4.4G). Although not significant, these alterations may represent responses 

to components specific to the precise exposure period.  
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Figure 4.4. Heart rate-related ECG Waveform Changes. Data represent weekly aggregates of change from 

baseline values for control and exposed animals during periods of high or low photochemical activity (± SEM, n = 

3-5/group depending on acquisition scheduling). Low PCA CAPs data from week 2 is missing due to acquisition 

program errors. Significance assessed at * p ≤ 0.05 or # p ≤ 0.1 for CAPs compared to controls over the entire 

exposure period. 9 
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The effects of 8-week exposure to high and low PCA CAPs on the T-wave morphology 

are presented in Figure 4.5. CAPs exposed mice exhibited larger T-wave areas and amplitudes 

during the high PCA exposure period compared to air exposed controls over the entire exposure 

period (Figure 4.5A, 4.5C) and is consistent with alterations seen in the QTcM segment (Figure 

4.4I). No difference between exposure and controls was seen during the low PCA exposure 

period. 

 

 

Figure 4.5. T-wave-related ECG waveform changes. Data represent weekly aggregates of change from baseline 

values for control and exposed animals during periods of high or low photochemical activity (± SEM, n = 3-5/group 

depending on acquisition scheduling). Low PCA CAPs data from week 2 is missing due to acquisition program 

errors. Significance assessed at p ≤ 0.05; *CAPs significantly different than air over entire exposure period. 10 
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4.1.1.6 SUMMARY OF ANOVA-DERIVED SIGNIFICANT VALUES 

 The summary of statistical values for all measured parameters is presented in Table 4.4. 

High PCA CAPs exposures produced significant alterations in multiple cardiovascular-related 

measurements compared to purified air controls over the entire exposure period. Heart rate, 

systolic blood pressure (BP), and diastolic BP were found to account for the largest proportion of 

variance in the analysis at 48.5%, 40.9%, and 49.4%, respectively. Exposures to low PCA CAPs 

failed to elicit any significant differences in measurements compared to their respective purified 

air controls.  

 

Table 4.4. Summary of ANOVA-derived significant values. Overall differences between control and CAP-

exposed animals for both high and low PCA time periods. Partial Eta (η2) are provided and represents the proportion 

on variance accounted for by each dependent variable. *indicates P ≤ 0.05 while #indicates P ≤ 0.1 by Bonferroni-

corrected two-way ANOVA for repeated measures. Bolded italic font indicates significant differences. 4 

 

 High PCA CAPs vs. Air Low PCA CAPs vs. Air 

Endpoint F-statistic P Partial η2   F-statistic  P Partial η2  

Heart Rate 6.586 0.037 0.485 * 0.011 0.919 0.002  

R-R Interval 1.772 0.231 0.228  0.570 0.819 0.009  

P-R Interval 0.696 0.432 0.090  0.018 0.897 0.003  

QRS Interval 0.899 0.050 0.114 * 0.103 0.129 0.341  

QTcM Interval 2.470 0.065 0.261 # 1.951 0.212 0.245  

T-wave Area 4.562 0.0378 0.174 * 1.454 0.273 0.195  

T-wave Amplitude 2.345 0.025 0.247 * 0.005 0.946 0.001  

SDNN 0.144 0.711 0.012  0.214 0.653 0.021  

RMSSD 6.289 0.078 0.344 # 0.353 0.566 0.034  

HF 3.763 0.028 0.255 * 0.301 0.595 0.029  

LF 1.191 0.297 0.090  1.282 0.284 0.144  

Systolic BP 11.069 0.004 0.409 * 0.024 0.880 0.002  

Diastolic BP 11.042 0.004 0.394 * 0.358 0.559 0.023  
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4.1.2 Discussion  

4.1.2.1 CARDIOVASCULAR EFFECTS 

Compositional and seasonal variations in PM on cardiopulmonary health effects were 

examined in this study. Exposures to CAPs concentrated from particles that formed or aged in 

ambient air during periods of high photochemical activity (July-September 2015) induced more 

severe adverse responses than did exposure to CAPs generated in the lower photochemical 

periods (August-October 2016). We analyzed ECG waveforms that relate to cardiac function and 

have shown that mice exposed to high PCA CAPs exhibit a decreased heart rates relative to 

controls which may result from decreased QRS or QT interval duration (Figure 4.4G, 4.4I) or 

altered autonomic nervous system input (RMSSD and HF HRV, Figures 4.3C and 4.3E). A study 

by Farraj and colleagues found that T-wave amplitude depressions in an acute studies exposing 

spontaneously hypertensive rats to residual oil fly ash 98. Changes were seen in T-wave specific 

waveform structures following exposure to PM formed during periods of high or low PCA 

despite differences in particle concentrations between our and other studies; particles given to the 

animals under this exposure were 4-10 times less concentrated than those produced in the Farraj 

et al. study 98.  

Interestingly, exposure to PM from different seasons had contrasting effects on the 

corrected QT interval. Animals exposed to PM during periods of high PCA experienced 

significantly prolonged QTcM intervals while sporadically shortened QTcM intervals were 

observed in animals exposed during low PCA periods (Figure 4.4I and 4.4J). Prolonged QT 

intervals are an established indicator for arrhythmia and sudden cardiac death and has been 

associated with PM air pollution in an elderly human cohort 99,100. T-wave alterations were 

observed after high PCA exposures and can be indicative of myocardial ischemia 101. Similar 
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studies reporting concurrent outcomes have been conducted which report altered ECG responses 

in rats following ambient PM inhalation. Similar to our study, the acute (3-day) study carried out 

by Farraj et al. in which rats were exposed to winter PM2.5 reported a decrease in overall heart 

rate but also determined that exposed cardiomyocytes exhibited less sensitization to alterations in 

cardiac calcium homeostasis compared summer PM2.5 exposure 102.  

Furthermore, our data corroborates findings by Carll et al (2017) who showed decreased 

PR and QTc intervals in metabolically-challenged rats on a high fructose diet in a short-term (12 

day) exposure to non-vehicular primary particles combined with photochemically derived 

secondary organic aerosols 103. The consistency in results given drastically different exposure 

parameters (animal model, exposure time, concentration, measurement duration) may inform on 

the importance of the interaction between primary source particles and photochemically-derived 

secondary particles in environmental health effects. Additionally, opposing QRS and QTc-

interval responses were observed in a ultrafine CAPs/Ozone acute co-exposure 104 which may 

again be due to differences in disease model, exposure duration, PM concentration, and/or 

monitoring periods. Regarding this study, ambient particles had undergone an atmospheric co-

exposure prior to capture and concentration in our exposure system. Animals exposed to these 

highly photochemically active particles experienced cardiac abnormalities consistent to that 

previously reported human studies 105,106.  

My current findings are consistent with previous findings in our research laboratory 

regarding high PCA exposures 13 but differ seasonally from those reported by Farraj et al. 102. As 

with the Carll study, many parameters differ between this current exposure and those by Farraj et 

al. including animal model, duration of exposure, and the differences in source profiles in the 

two distinct locations (California and North Carolina); the North Carolina particle composition is 
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likely to be very different from that in Southern California 107. This latter distinction may be one 

reason for the reversed response in the QTc interval seen by Farraj and colleagues. Other 

distinctions between the two studies are the animal model used and the duration of the study. 

Farraj and colleagues exposed rats to CAPs in three, 4-hour exposure periods. Based on our prior 

studies, physiological responses in rodents during the acute phase of a study may be influenced 

by the animal’s stress responses to the novel exposure conditions in addition to the effects of 

exposure. The results from this 8-week study, although different from those reported by Farraj, 

may be represent cumulative effects of repeated exposures and possibly aging of the mice over 

the lengthened exposure program. The high and low PCA exposures were separated in time by 

roughly one calendar year and the animals were from different groups, albeit of the same strain 

from the same supplier. Therefore, we did not statistically contrast the measurements from one 

set of exposures to the other but analyzed comparisons to their respective air control groups.  

4.1.2.2 HEART RATE VARIABILITY 

This study found that certain markers of HRV (RMSSD and HR HRV) were decreased in 

mice after exposure to CAPs during the high PCA period compared to air controls with no effect 

seen in mice during the low PCA period (Figure 4.3C, 4.3E) indicating parasympathetic nervous 

system dysfunction. The degree to which these autonomic changes contribute to cardiovascular 

disease (CVD) is still under investigation. Reductions in both frequency domain components of 

HRV (LF and HF) were found in apoE-/- mice exposed to Seattle PM 108. Similar decreases in 

HF HRV have been identified in apoE-/- mice exposed to concentrated PM near heavily 

trafficked roadways 13 reinforcing the role of primary particles in observed cardiac effects. CVD 

has been associated with HF HRV in humans indicating a potential predominance of the 

sympathetic nervous system 109. LF HRV, on the other hand, has been associated with a plethora 
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of cardiovascular disorders in humans including heart failure, hypertension, and increased 

mortality rates after myocardial infarctions 110,111.  

The HRV changes measured in Figure 4.3 indicate that inhalation of CAPs affects HRV, 

but the mode of action is quite different depending on the seasonal composition of the particles. 

Alterations in autonomic responses may be due to the presence of trace metals bound to the 

particulate matter. Lippmann et al (2006) reported that CAPs influenced by a 14-day incursion of 

nickel (Ni) during a rodent exposure study in Ney York state caused a significant decrease in 

SDNN stressing the importance of particle constituent on resulting health outcomes 112. The 

effect of Nickel on HRV in this study is considered nominal as nickel concentrations in the South 

Coast air basin range from 8 -14 ng/m3 which are about 10 times lower than concentrations 

present in the Lippmann study. However, the exposures from Carll and Lippmann both 

determined that the direction of HRV responses may be influenced by either the underlying 

disease state of the animal or possibly by the specific constituents of the inhaled particulate 

matter.  

4.1.2.3 OTHER CONSIDERATIONS 

This study confirmed that PM formed during periods of high PCA have different 

characteristics than PM formed during periods of lower PCA. The high PCA exposure occurred 

during the middle-late summer months of 2015 when particle O:C is shown to be at its highest at 

the exposure site in Irvine (Figure 4.1). The low PCA exposure occurred during the fall season 

when particle O:C was reduced, and ambient ozone levels were 10 ppb lower than during the 

high PCA period. This trend is shown to be similar in the fall for both ambient PM and CAPs. 

While seasonal changes in particles are dependent on the location and the sources of particles, 

the changes in PM O:C observed here are consistent with a number of studies that report higher 
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fractions of more oxidized compounds in summer months compared to PM in winter months 32-

40. Farraj et al. also examined seasonal differences in cardiac effects of PM exposure in an acute 

scenario and showed substantial differences in the concentration and chemistry of the ambient 

PM as a function of season. Their study was performed in the Northeastern region of the United 

States where combustion is a predominant heating method during the winter months and 

therefore significantly impacts the seasonal variation in ambient particulate matter. Under these 

conditions, Farraj and colleagues observed that exposure to PM collected during the winter 

months had 1.5 and 3.4 times larger concentrations of organic and elemental carbon, 

respectively, than did PM from summer months 102. This is a stark contrast to our study and other 

ambient PM studies performed in southern California where combustion heating is minimal and 

variations in seasonal temperatures are less extreme than those observed in the eastern United 

States.  

4.1.3 Limitations 

This study has potential limitations. ApoE-/- mice were chosen for this study because they 

are prone to developing arterial disease similar to that seen in humans. However, these mice are 

also susceptible to higher levels of systemic oxidative stress and inflammation than are wild-type 

mice due to the apoE gene’s involvement with anti-oxidative activity 113. Additionally, existing 

datasets were pooled in order to determine potential seasonal effects of PM exposure. As such, 

the seasonal difference between the two exposure periods were not ideal. The system used to 

acquire the ECG and HRV data presented in this had limited recording capabilities. Therefore, a 

subset of each exposure cohort was recorded on any given day over the course of the exposure 

period. Lastly, due to the relatively small group sizes used in this exposure, the study should be 

repeated, and the results validated.  
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4.1.4 Conclusion 

 These findings demonstrate that exposures to particles formed during periods of high 

photochemical oxidation produce more adverse health effects than exposures to particles formed 

during periods of low photochemical activity. This finding was supported by chemical analyses 

which found the organic constituents present in ambient PM to be more oxidized during the high 

photochemical exposure period and therefore have the potential to produce increased ROS 

if/when inhaled. Therefore, photochemical activity may act as a surrogate for ambient levels of 

PM-bound organic species.  

4.2 Health Effects of PM and PM+O3 Exposure 

4.2.1 Results 

4.2.1.1 EXPOSURE PARAMETERS AND ATMOPHERIC CHARACTERIZATION 

A summary of the exposure parameters and atmospheric characterizations are presented 

in Table 4.5. Exposure to CAPs + O3 were performed for 8 weeks in July through September of 

2015 while exposure to DeCAPs + O3 were performed for 8 weeks from April through May in 

2016. CAPs particle number and mass concentrations were increased by the VACES to 

approximately 10x ambient levels and particle mass and number concentrations for the CAPs 

and CAPs + O3 exposure atmospheres were not significantly different. After removing the semi-

volatile components in the denuder for the DeCAPs and DeCAPs + O3 exposures, particle 

number and mass concentrations were about 50% lower those the CAPs concentrations 13 . 

Ozone was monitored at 200 ppb and was not statistically different between ozone exposure and 

the corresponding CAPs + O3 atmosphere.  
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Table 4.5. Exposure parameters and atmosphere characteristics. Particle number (in particles/cm3) and mass (in 

µg/m3) concentrations compared to ambient levels are reported. Ozone concentrations are reported in ppb. Data 

represent average concentrations of 8-week exposures. *: P < 0.05. †: No detectable O3 concentrations measured in 

the filtered air and CAPs/DeCAPs atmospheres at the start of the exposures. 5 
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4.2.1.2 BASELINE VALUES 

Baseline data for all physiologic parameters are presented in Table 4.6 for both CAPs and 

DeCAPs exposure periods. Significant differences were seen between the exposure groups in 

numerous cardiovascular parameters. Therefore, all data is presented herein are presented as 

change from baseline values in order to quantitate the true response of the exposure between 

experimental cohorts. 

Table 4.6. Average baseline values for all measured endpoints ± SEM. Significant differences between cohorts 

during each experimental period assessed at P ≤ 0.05 using single factor ANOVA and indicated by bolded italics. 6 
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4.2.1.3 HEMODYNAMIC CHANGES 

Delta baseline hemodynamic data from both exposure periods are presented in Figure 4.6. 

Exposure to whole PM alone or in concert with O3 produced a significant increase in both 

systolic and diastolic blood pressure (Figure 4.6A, 4.6C). This increased trend became more 

evident towards the middle of the exposure period but subsided as the exposure period ended. 

Exposure to O3 did not alter BP measurements compared to purified air exposures during either 

of the exposure periods. Moreover, we observed no significant effect of any exposure 

atmosphere on either systolic or diastolic blood pressure during the DeCAPs exposure period.  

 

Figure 4.6. Average weekly systolic and diastolic blood pressure for both CAPs and DeCAPs exposure 

periods. Data represent weekly aggregates of change from baseline values for control and exposed animals during 

the two exposure periods (± SEM, n = 3-5/group depending on acquisition scheduling). Data from the CAPs 

exposure period was collected at weeks 2, 5, and 7 due to acquisition system limitations. Significance assessed at p 

≤ 0.05. *Particles vs Air; #Particles + O3 vs Air.11 
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4.2.1.4 HEART RATE VARIABILITY 

Heart rate variability responses of mice exposed to single and co-pollutant atmospheres 

are summarized in figure 4.7. Exposure to any pollutant atmosphere did not significantly alter the 

SDNN (Figure 4.7A, 4.7B). We observed a decreased RMSSD in the O3-exposed animals during 

the first exposure period (Figure 4.7C). This decrease in the O3-exposed group was evident 

during the first half of the DeCAPs exposure period, however this effect appears to subside as 

the exposure progresses (Figure 4.7D). We observed no effect of any exposure atmosphere on 

the low frequency HRV measure (Figure 4.7E, 4.7F). Moreover, exposure to CAPs significantly 

decreased high frequency HRV compared to air controls while no effect was seen in the DeCAPs 

exposure group (Figure 4.7G, 4.7H). Interestingly, the O3-exposed cohort experienced a 

significant decrease in HF HRV during the first exposure with no effect experienced during the 

second exposure period (Figure 4.7G, 4.7H). However, upon closer investigation, the 

significance appears associated with changes during the last two weeks of exposure and appear 

in all HRV responses to O3 exposure.  

 



51 

 

 

Figure 4.7. Heart Rate Variability measurements for all particle fraction exposures. Data represent weekly 

aggregates of change from baseline values for control and exposed animals. (± SEM, n = 3-5/group depending on 

acquisition scheduling). Significance assessed at p ≤ 0.05. *Particles vs Air; #Particles + O3 vs Air; +O3 vs Air based 

on total exposure responses. 12 
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4.2.1.5 ELECTROCARDIOGRAPHIC (ECG) WAVEFORM PARAMETERS 

Heart Rate And R-R Interval: Chronic exposure to different components of ambient PM resulted 

in alterations in electrophysiological conduction through different cardiac regions. Exposure to 

O3 with or without whole CAPs elicited a decrease in heart rate compared to controls while the 

heart rates of CAPs-exposed mice, although not significant, resulted in a decreased trend for the 

duration of the study period (figure 4.8A). Similar yet opposite patterns can be seen in the R-R 

interval for these animal cohorts (figure 4.8C) as this interval is inversely correlated with overall 

heart rate. Removal of the SVOCs from the PM ameliorated the effects seen in these measures as 

animals exposed to DeCAPs or DeCAPs + O3 did not show overall heart rate or R-R interval 

anomalies (figure 4.8B, 4.8D). Interestingly, the effect of O3 on heart rate during the CAPs 

exposure was not observed during the DeCAPs exposure despite consistencies in other ECG 

endpoints.  

Atrial Conduction Rate: Some degree of atrial conduction anomaly was observed in mice 

exposed to any fraction of concentrated PM. CAPs exposure resulted in decreased PR intervals 

compared to controls (Figure 4.8E) while DeCAPs-exposed animals experienced a decreased 

trend in this measure (figure 4.8F) possibly indicating that the atrial depolarization/repolarization 

cycle is similarly affected by each particle fraction separately or combined. Exposure to O3 

consistently impaired PR interval duration and produced outcomes similar to that of CAPs or 

DeCAPs exposure alone (figure 4.8E, 4.8F). Co-exposing mice to either CAPs + O3 or DeCAPs 

+ O3 failed to elicit any PR interval anomalies. 
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Ventricular Conduction Rate: Exposure to CAPs alone significantly decreased the QRS interval 

compared to purified air controls (figure 4.8G) suggesting a slowing of ventricular 

depolarization. This decreased rate was carried over to the corrected QT interval where CAPs 

exposure, albeit not to a significant degree (figure 4.8I). DeCAPs exposure did not produce any 

significant alterations compared to controls with respect to the QRS and QT intervals. However, 

there is some indication that DeCAPs exposure may increase these intervals (figure 4.8H, 4.8J) 

whereas CAPs exposure decreases them. No alteration in QRS interval was seen in mice exposed 

to O3 in either exposure (figure 4.8G, 4.8H). However, O3 did elicit a slight decrease in corrected 

QT interval during the CAPs exposure period with a significant decrease during the DeCAPs 

exposure period (figure 4.8I, 4.8J). Mice exposed to CAPs + O3 did not exhibit any alterations in 

ventricular depolarization/repolarization. However, the DeCAPs + O3 cohort experienced 

decreased QT interval durations which mimicked the effect of O3 during this study. 
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Figure 4.8. Heart rate-related ECG Waveform Changes for all particle fraction exposures. Data represent 

weekly aggregates of change from baseline values for control and exposed animals. (± SEM, n = 3-5/group 

depending on acquisition scheduling). Significance assessed at p ≤ 0.05. *Particles vs Air; #Particles + O3 vs Air; 
+O3 vs Air based on total exposure responses. 13 
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Ventricular-Associated Waveforms: 

The ECG waveforms associated with ventricular repolarization and cardiomyocyte 

relaxation were altered depending on particle fraction. 8-week exposure to whole CAPs alone 

resulted in significantly increased T-wave areas and amplitudes compared to control animals 

(figure 4.9A, 4.9C) while co-exposure to CAPs + O3 produced a significant decrease in T-wave 

area with no effect seen in T-wave amplitude. Particles devoid of SVOCs ameliorate the effect of 

PM exposure on ventricular-associated waveforms as mice exposed to DeCAPs or DeCAPs + O3 

did not exhibit any significant changes in T-wave area or amplitude compared to controls (figure 

4.9B, 4.9D). Exposure to O3 resulted in no T-wave area impairments compared to controls 

animals (figure 4.9A, 4.9B). However, the T wave amplitudes in the O3 cohort did slightly 

increase compared to air exposure (figure 4.9C, 4.9D).  
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Figure 4.9. Ventricular-associated waveform data for all particle fraction exposures. Data represent weekly 

aggregates of change from baseline values for control and exposed animals. (± SEM, n = 3-5/group depending on 

acquisition scheduling). Significance assessed at p ≤ 0.05. Significance assessed at p ≤ 0.05. *Particles vs Air; 
#Particles + O3 vs Air; +O3 vs Air based on total exposure responses. 14 
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4.2.1.6 ELEMENTAL CARBON/ORGANIC CARBON 

 The concentration of organic carbon (OC) present in the CAPs is markedly decreased 

(80-90%) following thermal denudation at 120 °C. The elemental carbon (EC) content in the 

DeCAPs is about 30-40% lower than that measured in the CAPs, but within limits of 

experimental error. Adding O3 to the PM atmospheres, specifically to the DeCAPs, results in 

higher OC mass compared to PM only samples which may suggest some degree of secondary 

organic aerosol (SOA) formation produced by the reaction of O3 with more unstable organic 

constituents.  

 
Figure 4.10. EC/OC Analysis for PM and PM + O3 Atmospheres. Figure 15 
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4.2.1.7 AEROSOL CONSTITUENT INFLUENCES IN HEALTH EFFECTS 

Figure 4.11A shows typical PM1 measurements of the O:C ratio for different 

atmospheres. CAPs samples had very similar O:C ratios to ambient PM samples, indicating that 

the VACES conserved O:C throughout the exposures, even with a wide daily O:C variation 

between 0.4 and 0.8. Examination of daily CAPs + O3 atmospheres revealed slightly higher O:C 

ratios than CAPs atmospheres on most of the exposure days, as shown in Figure 4.11B. A 

positive change indicates an increase in O:C in the presence of O3 and a negative change 

indicates a decrease in O:C. There were a few days in which CAPs + O3 particles did not yield an 

increase in O:C. These were typically days in which the ambient O:C was already high or there 

was low mass loading. Examination of the chemically resolved size distributions for CAPs and 

CAPs + O3 atmospheres showed that particles exhibited a loss in mass concentration in the 

presence of ozone. An example of this is shown in Figure 4.11C. The sulfate component of the 

particles is not expected to be affected by O3 and is provided to show that it remains constant in 

the CAPs and CAPs + O3 particles, indicating that any loss in organics is not a result of dilution. 

Figure 4.11D shows the change in organic mass in the particles for each exposure day. Figure 

4.11E is an example size distribution showing that a large fraction of organics is removed by 

passage through the thermodenuder on a typical exposure day. The organic removal occurs 

throughout different particle sizes and inorganics are affected to some extent as well. DeCAPs 

O:C ratios were also generally higher than CAPs O:C ratios (Fig.4.11A), suggesting that the less 

oxidized organic species in the particles are preferably removed by passage through the 

thermodenuder. Addition of O3 to DeCAPs did not increase O:C ratios appreciably (Figure 

4.11A) as the O:C was already fairly high for DeCAPs atmospheres. 
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Figure 4.11. Aerosol Constituent Analysis A) O:C ratios of generated CAPs atmospheres; B) O3 slightly increased 

O:C ratios in the CAPs atmosphere; C) Examination of chemically resolved size distributions for CAPs and CAPs + 

O3 atmospheres. D) Difference in daily mass concentrations between CAPs and CAPs + O3
 atmospheres; E) 

Examination of chemically resolved size distributions for DeCAPs and DeCAPsO3 atmospheres 16 
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4.2.1.8 CHEMICAL CORRELATIONS WITH HRV 

Our laboratory has previously shown that removal of organic constituents from CAPs 

reduced the effect of CAPs exposure on HRV 13. Based on results from this study, there is a 

significant positive correlation between HRV and O:C ratio for CAPs and for CAPs + 0.2 ppm 

O3 with a larger effect seen in the co-exposure group (Figure 4.12A). That is, increases in HF 

HRV are prevalent on days when the O:C ratio of the CAPs is closer to one. Coupling this 

finding with the apparent losses of organics shown in Figure 4.11A, this might suggest that 

adding O3 conserved the more toxic organic constituents bound to the PM. We also looked at the 

hydrogen to carbon ratio (H:C) as a “confirmation” of the data in Figure 4.12A. As expected, we 

measured decreases in H:C values in tandem with the O:C increase suggesting that lower H:C 

ratios are associated with worsened HRV (Figure 4.12B). This correlation appears to hold true, 

apart from one rainy day (r2 values for fits omitting the rainy day are given in parentheses). 

Using the AMS we were able to identify some relationships between the presence of specific 

families of organic compounds and changes in HRV. Lower organic acid content represented by 

ions with mass fraction 44 (Figure 4.12C) and possibly higher carbonyl (mass fraction 43; Figure 

4.12D) content are associated with worsened HF HRV in PM both with and without O3. 
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Figure 4.12. Correlations of organic species with HRV. A) Oxygen content correlates well with changes in HF 

HRV. B) H:C was also associated to changes in HF HRV, except for one rainy day C) Decreased concentrations of 

organic acids, represented by the peak at mass 44 in the mass spectrum (f44), are associated with worsened HRV. D) 

Increased concentrations of aldehydes may be associated with worsened HRV.17 
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4.2.1.9 SUMMARY OF MEASURED RESPONSES 

A summary of all measured parameters is presented in Table 4.7. Exposure to whole PM 

elicited more pronounced alterations in cardiovascular parameters compared to exposure to 

DeCAPs. Adding O3 to either particle atmospheres failed to exacerbate the effects seen with 

exposure to PM alone. The differential response resulting from O3 during the two exposures is 

unexpected and the effect seen is largely due to responses during the last weeks of exposure. 

Additional investigation to identify potential causes is required.  

 

Table 4.7. Complete summary of measured responses to inhaled PM and PM mixtures7 

  Whole PM Denuded PM 

Endpoint CAPs CAPs + O3 O3 DeCAPs DeCAPs + O3 O3 

Heart Rate NE ↓ ↓ NE NE NE 

R-R Interval NE ↑ ↑ NE NE NE 

P-R Interval ↓ NE NE NE NE NE 

QRS Interval ↓ NE NE NE NE NE 

QTcM Interval NE NE NE NE ↓ ↓ 

T-wave Area ↑ NE NE NE NE NE 

T-wave Amplitude ↑ NE ↑ NE NE NE 

SDNN NE NE NE NE NE NE 

RMSSD NE NE ↓ NE NE NE 

HF ↓ NE ↓ NE NE NE 

LF NE NE NE NE NE NE 

Systolic BP NE NE NE NE NE NE 

Diastolic BP NE NE NE NE NE NE 

NE = No Effect, ↑ = significant increase compared to air controls, ↓ = significant decrease compared to air controls. 
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4.2.2 Discussion 

4.2.2.1 ECG WAVEFORM ANALYSIS 

This results from the current study shows that 8-week exposure to different chemical 

constituents of PM2.5 causes differential effects on the rate-dependent endpoints of the cardiac 

conduction cycle in mice, and that specific constituents lead to varied effects with concurrent 

ozone exposure (see Table 4.7 for a summary of measured responses). We show here that 

exposure to CAPs alone was enough to elicit decreases in the PR interval and QRS complex of 

animals compared to air controls (Figure 4.8E-H). Exposure to PM2.5 alone resulted in 

progressively worsening PR intervals while exposure to O3 alone resulted in increased RR 

intervals for the duration of the exposure period. Moreover, the PM + O3 co-exposure does not 

consistently produce responses different from those seen in control animals. We have previously 

found that denuded particles have less mass than their intact counterpart 13. Thus, these data 

suggest an effect of PM may possibly depend on size.  

The QT interval is a marker of ventricular repolarization and increases in this interval are 

a risk factor for cardiac arrhythmias, infarctions, and ischemia. Exposures to whole CAPs failed 

to elicit any change in the rate-corrected QT interval (Figure 4.8I). However, we did measure a 

decreased QT interval in mice exposed to O3 during the DeCAPs study(Figure 4.8J). Similar 

decreases in QT intervals were seen in the O3 exposure group during the CAPs exposure period 

possibly indicating the ability of O3 to inhibit repolarization of the ventricular cardiomyocytes 

during the cardiac conduction cycle. The ability of the DeCAPs atmosphere to initiate QT 

abnormalities in the presence of O3 possibly indicates an interaction between the non-volatile 

toxicants, such as metals13, that remained bound to the PM following the denuding process and 

the gaseous oxidizer. Circulating levels of copper and nickel has been linked with relative 
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ventricular wall thickness and levels of these metals associated with left ventricular hypertrophy 

114.  

These results differ from those observed from those described by Kurhanewicz and 

colleagues who noted increased P-wave endpoints and rate-corrected QT intervals in rats during 

and immediately after concurrent acute exposures to PM2.5 and ozone 104. Distinctions between 

the current exposure and those performed by Kurhanewicz which may lead to discrepancies in 

ECG outcomes include, but are not limited to, animal model, PM constituents, and exposure 

duration. Although we exposed animals to PM2.5, most of the particles in Irvine, CA reside in the 

ultrafine fraction which is a result, in part, to incomplete motor vehicle combustion. Ultrafine 

black carbon PM, a component of this combustion, has the ability to translocate from the lungs 

into the blood where it has the potential to adversely affect the cardiovascular system 115,116. 

Moreover, the animals exposed in this study were exposed to 200 ppb of O3, only a fraction of 

the dose delivered during the Kurhanewicz exposures. Therefore, these exposures may be 

missing outcomes that require higher pollutant concentrations.  

Despite the discrepancies in ECG outcomes between rodent studies, both in QT interval 

elongation and truncation have been identified in epidemiological studies 117-119. It has been 

found that both sub-chronic and long-term exposure to PM2.5 has been associated with increases 

in corrected QT interval in elderly men, especially in those with a high oxidative stress allelic 

profile 118. It may be the case that although both PM and O3 produce cardiac discrepancies, the 

mechanisms mediating the response may be different (i.e. airway sensory irritation and particle 

translocation).  

We have also shown that concurrent exposure of PM2.5 and O3 elicit alterations in 

ventricular-associated waveforms that are dissimilar to those seen in the rate-associated ECG 
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analysis. Exposure to single-pollutant whole CAPs or O3 atmospheres resulted in increased 

ventricular-specific endpoints (Figure 3.9) while a co-exposure alleviates the response, and in 

some instances, led to a response no different than controls. Mice co-exposed to DeCAPs + O3 

also show less of an effect than the single pollutant atmospheres on ST elevation and T-wave 

amplitude, however, the effects decrease to those seen with air controls as time post-exposure 

increases. Repolarization changes, specifically changes in the T wave can be indicative of 

ischemia 101. Again, this may be an instance of both toxicants producing cardiac discrepancies 

due to different mechanisms. The differential effects of CAPs vs. DeCAPs exposure may be a 

result of the varying physical and chemical characteristics of the two particle types.  

4.2.2.2 HEART RATE VARIABILITY 

Exposure to CAPs particles for 8 weeks generally elicited decreased HRV measurements 

which were exacerbated by the addition of O3 to the atmosphere. This decreased HRV in CAPs 

exposed mice is consistent with those reported previously by our laboratory 13, though to a lesser 

extent. Other groups have reported opposing effects on apoE-/- mice following prolonged 

exposure to CAPs 120. These discrepancies may be due to inherent differences in PM 

characteristics from the different exposure sites. PM collected from southern California is 

primarily produced from incomplete combustion whereas PM collected from sites in the 

Northeast United States are more dependent on varied atmospheric processes and combustion 

heating sources. Specific indices of HRV, such as SDNN and RMSSD are critical measures of 

cardiovascular health. SDNN has been associated with overall autonomic tone while RMSSD is 

generally associated with vagal pathways. Therefore, the decreases seen in the CAPs and CAPs + 

O3 atmospheres may indicate the ability of these toxicants to perturb normal autonomic nervous 
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system controls possibly leading to episodes of bradycardia and alterations in systemic blood 

pressure 121. 

Conversely, the effect on HRV in DeCAPs-exposed mice moderately increased compared 

to air controls. Altered HF and LF HRV parameters have been found in apoE-/-
 mice exposed to 

urban Seattle PM 108. Additionally, these perturbations in frequency-based measures of HRV 

have been linked through epidemiological studies to numerous cardiovascular diseases such as 

heart failure, hypertension, and acute myocardial infarction 110. These opposing responses in 

mice exposed to DeCAPs particles (increased HRV) versus mice exposed to whole CAPs 

(decreased HRV) may indicate SVOCs differential effect the body depending on their volatility 

and/or particle-association. Furthermore, ozone’s capacity to exacerbate the effects on HRV in 

PM atmospheres may indicate its ability to oxidize components specific to the CAPs or DeCAPs 

atmospheres. Together, these types of HRV changes demonstrate that prolonged exposure to 

increased levels of PM and O3 can impair cardiac function and augment normal autonomic 

nervous system control. 

4.2.2.3 AEROSOL CONSTITUENT ANALYSIS 

Measurements of the O:C ratio for the different atmospheres showed that particle 

composition was affected by the addition of O3 to CAPs as well as by the thermal denudation of 

CAPs (Figure 4.10a). The addition of O3 to CAPs particles led to some oxidation of particles as 

indicated by the slight increase in O:C on most days, as well as a decrease in organic mass 

concentration in the particles relative to CAPs particles. This may be attributed to reactions of O3 

with organics in the particles that often lead to molecular fragmentation 122,123. The formation of 

products with lower carbon number and higher volatility is expected to lead to a loss of mass 

concentration due to evaporation of these products and may cause very little change in O:C. 
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Additionally, as the exposures continued from summer to fall, there were increased losses of 

organic mass concentrations in CAPs + O3 relative to CAPs (Figure 4.10d), suggesting there may 

be a seasonal aspect to changes in the chemical composition of organic PM constituents 124. As 

shown in Figure 4.10a, the O:C was significantly increased by passing CAPs particles through a 

thermodenuder. DeCAPs particles were characterized by a significant loss of SVOCs, a large 

remaining fraction of organic acids, and often a decrease in inorganics as well relative to CAPs. 

Addition of O3 to DeCAPs did not increase O:C ratios appreciably (Figure 4.10a) as the O:C was 

already fairly high for DeCAPs atmospheres. In summary, the particles in the CAPs + O3 

atmospheres have very different composition than those in the CAPs atmospheres. These 

different particle characteristics may be one reason that the co-exposures of PM and O3 did not 

result in additive adverse outcomes, namely that the particles are not the same in the CAPs and 

CAPs + O3 groups.  

We have previously showed that removing the semi-volatile fraction from whole PM 

results in a significant decrease in the organic carbon and PAH content of the particles without 

altering the concentration of ions or trace metals (e.g., chloride, sulphate, and ammonium) 13. 

PAHs are a ubiquitous environmental contaminant and can result from incomplete combustion of 

fossil fuels. The addition of O3 to CAPs (with inherent PAH compounds) is capable of inducing 

PAH degradation and producing less potent daughter compounds. Concerningly, Ozone-UV 

treatment has been shown to destroy more than 90% of PAHs with no significant toxic products 

produced 125. It is therefore possible that subsequently adding O3 to CAPs atmospheres produced 

during periods of high ambient photochemical activity may ultimately result in PAH destruction. 

Since denuded CAPs are devoid of most PAH compounds, the addition of ozone to this 
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atmosphere may be indicative of biologic effects driven by single toxicant interactions within the 

body.  

4.2.3 Limitations 

This study has some potential limitations. As with the seasonal study, genetically 

modified apoE-/- mice were used in this study due to their susceptibility for arterial plaque 

development similar to that seen in diseased humans. Unfortunately, these mice are prone to 

increased levels of systemic oxidative stress and inflammation compared to their wild-type 

counterparts due to the apoE gene’s involvement with anti-oxidant activity 113. Additionally, 

these exposures occurred during different time periods due to space limitations in our exposure 

system. The CAPs study occurred during the late summer of 2015 while the DeCAPs study 

occurred during the spring of 2016 culminating in roughly a 6 °C difference in ambient 

temperature between studies. Though not ideal, we were able to show that ambient O3 levels 

were comparable between the two time periods. Turning to the exposure setup, we chose to 

combine the PM2.5 and O3 atmospheres using small diameter tubing which limited the potential 

mixing time of the two toxicants. Going forward, it may be beneficial to incorporate an 

additional mixing chamber into the experimental setup which will potentially allow for increased 

secondary particle formation prior to inhalation. Furthermore, exposing animals to periods of 

PM2.5 and O3 consecutively vs. concurrently may help to identify the health effects related to 

gaseous vs. PM irritants. The ECG acquisition system used in these studies to acquire the 

waveform and HRV data had limited recording capabilities. Therefore, a subset of each exposure 

group was recorded daily over the course of the exposure period. Given a larger subset, we 

anticipate a more robust analysis capable of teasing out additional exposure-based differences. 
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Lastly, due to the relatively small group sizes used in this exposure, the study should be repeated, 

and the results validated. 

4.2.4 Conclusion 

This study found that 8-week co-exposure to PM and O3 are not additive or synergistic 

and that different components of ambient air pollution, alone and in concert, affect different 

portions of murine cardiac conduction. Hyperlipidemic mice exposed to whole CAPs and O3 

exhibited increases in both atrial and ventricular related conduction rates as evident by alteration 

in the PR and QTcM intervals. The single-pollutant atmospheres also augmented the T-wave 

area in the exposed animals. In most cases, co-exposing animals to whole PM2.5 and O3 resulted 

in negligible changes compared to control animals. The effects seen with whole PM exposure 

were diminished in animals exposed to denuded PM2.5. Adding O3 to DeCAPs again failed to 

elicit effects different from those seen in controls. The 8-week exposures of PM with O3 at 200 

ppb were enough to induce physiological modifications, justifying the importance of more 

realistic long-term exposure studies. Further investigation into these observed cardiovascular 

changes must be performed to explicate the specific mechanisms related to chronic PM2.5 

inhalation and potential interactions with downstream targets.  

4.3 Oxidative Potential of PM and PM + O3  Mixtures 

4.3.1 Results 
 

4.3.1.1 ASSAY OPTIMIZATION 

Initial tests were performed on NIST SRM and CAPs samples in order to establish the 

effective concentration range of the PM in the enzyme inhibition assays (Figure 4.13). The 

highest two concentrations of SRM (2.0 and 1.0 µg/µl) had no inhibitory effect on GPx activity 
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compared to the assay controls possibly due to the large concentration of PM interfering with the 

GSH reaction by altering the PH of the reaction cell. Since this response was seen in both GR 

and GPx assays, the large two PM doses appear to inhibit the reduction of GSSG to GSH by 

interfering with NADPH processing, which is a necessary step in both assays. However, the 

lower SRM concentration (0.1 µg/µl) exhibited a 65% reduction in GPx activity. Low (0.5 µg/µl) 

and intermediate (1.25 µg/µl) levels of CAPs resulted in similar GPx inhibition (84% and 86%, 

respectively) while high concentrations of the CAPs (2.25 µg/µl) exhibited optimal inhibition of 

GPx compared to assay controls (59%). Therefore, SRM at 0.1 µg/µl was the chosen 

concentration for positive controls and CAPs at 2.25 µg/µl was the concentration chosen for all 

sample types in both enzymatic assays.  
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Figure 4.13. Results of range finding experiments between SRM 1648a and collected CAPs. Results 

(based on n = 2 wells per assay) presented as percentage of assay control. 18 
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4.3.1.2 ENZYMATIC RESPONSES RELATED TO OXIDATIVE STRESS 

The effects of PM slurries on glutathione-specific enzymes are shown in Figure 4.14. As 

with the rage finding experiment (Figure 4.13), CAPs and SRM particle slurries generated 

similar GPx inhibition (58% and 59%, respectively; Figure 4.14A) indicating Irvine PM is less 

reactive than PM collected in more urban environments which potentially contain higher 

concentrations of metallic and organic constituents. Particles devoid of semi-volatile organic 

compounds (DeCAPs) were roughly 26% less inhibitory than both the CAPs and SRM materials. 

Particles mixed with O3 (200 ppb) generated the largest inhibitory response in GPx activity; the 

CAPs + O3 reduced the GPx activity by 47% relative to CAPs particles while a 58% reduction in 

GPx activity was identified in the DeCAPs + O3 particles relative to the DeCAPs particles. 

Interestingly, the CAPs + O3 and DeCAPs + O3 particles decreased GPx activity to roughly the 

same percentage compared to assay controls (30% and 35%, respectively) possibly indicating an 

overall effect of O3-derived particle oxidation.  

Overall, glutathione reductase (GR; Figure 4.14B) appears to less sensitive to particle-

induced inhibition as compared to glutathione peroxidase (GPx). Again, similar responses were 

seen with different concentrations of SRM and CAPs particles (79% and 81%, respectively) 

possibly indicating that indicating PM derived from Irvine is less reactive than PM collected in 

more traditional urban environments. All other responses measured in GR activity appear to be 

opposite of those seen in the GPx assay (Figure 4.14A). GR activity decreased approximately 

35% in response to DeCAPs particles compared to the SRM and CAPs particles. CAPs + O3 

elicited a slight decrease in GR activity (12%) compared to CAPs alone while DeCAPs + O3 

decreased GR activity 33% compared to DeCAPs alone. Small but similar decreases in GR 

activity were measured in response to the ozonized PM compared to assay controls. Taken 



72 

 

together, these results indicate that equal concentrations of Irvine CAPs and traditional urban PM 

(NIST SRM 1648a) do not elicit a comparable oxidative stress response. However, different 

particle fractions/mixtures directly elicit distinct inhibitory effects on the measured antioxidant 

enzymes. 

 

 

Figure 4.14. Antioxidant enzyme responses to particles with and without O3 addition. Data represent 

enzyme response as a percentage of assay control. Results (based on n = 2 wells per assay) presented as 

percentage of assay control. 19 

 

4.3.2 Discussion 
 

The oxidative potential of inhaled PM has been traditionally based on effects in 

biological samples obtained by in vivo and in vitro methods. These cell-based assays are helpful, 

yet are hindered by numerous challenges involved with proper maintenance of biological 

systems and active components and multi-assay compatibility 126,127. Using cell-free methods like 

enzymatic biosensors in conjunction with non-biological substrates, such as PM, offer a way to 

investigate the direct effects of environmental toxicants.  
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 This study demonstrates that different particle fractions/mixtures interact directly with 

enzymes associated with the biological oxidative stress response. Moreover, we show that PM 

from Irvine, CA is less potent than traditional urban PM regarding antioxidant inhibition. A 

similar direct enzyme inhibition experiment performed by Hatzis et al. showed that 0.1 µg/µl of 

NIST SRM 1648a decreased the GPx and GR activity by 30% and 25%, respectively 54. Ambient 

PM can also alter oxidative stress enzymes in biological systems. Human alveolar basal 

epithelial cells treated with a range of urban German PM10 (100 µg/ml – 1 µg/ml) altered the 

concentration of superoxide dismutase (SOD), catalase (CAT), and GPx relative to controls for 

up to 96 hours post-treatment 128, indicating the potential importance of metallic constituents 

found in the larger PM size fraction.  

 The bioavailability of specific metal ions is thought to be an essential factor leading to 

ROS generation. In addition to GSH-specific enzymes, the Hatzis study also determined that the 

SRM directly decreased the activity of copper/zinc (Cu/Zn)SOD and manganese (Mn)SOD 54, 

both of which participate in antioxidant defense via the dismutation of superoxide ions into 

molecular oxygen in the presence of specific metal substrates. The consumption rate of 

dithiothreitol (DTT) is also used as a measurement for PM-induced oxidative potential. 

Transition metals in urban PM2.5, specifically Mn and Cu have been associated with large 

decreases in DTT levels 129 indicating the ability to PM to interact with SOD species thereby 

effecting superoxide regulation and oxidative stress responses. Data from our laboratory has 

shown that metals in a CAPs + O3 atmosphere were slightly increased compared to the levels found 

in a comparable CAPs atmosphere 130, suggesting that O3 can increase the bioavailability of water-

soluble metals. Additionally, we have shown that thermally denuding the CAPs does not cause a 

large decrease in overall metal mass compared to intact particles 13.  
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 In broader terms, PM samples alter the antioxidant enzymes GPx and GR which impact the 

GSH/GSSG redox cycle and overall oxidative stress. The large GPx inhibition coupled with the 

minimal GR inhibition seen in response to the O3-reacted PM may indicate the ability of ozonized 

PM, and possibly the reactive metal components, to interact with the hydroperoxide in the system 

leading to an increased GSH concentration. Conversely, increased GR activity compared to the GPx 

activity seen in response to the DeCAPs PM may indicate a buildup of GSSG. Changes in the 

GPx:GR ratio in either direction have been found in response to multiple environmental stressors, 

including ambient PM 131-133, metals 134, and ozone 135,136. Therefore, it is necessary to identify the 

oxidative potential of environmental contaminants, including PM, prior to inhalation. 

4.3.4 Limitations 
 

This study has potential limitations. Firstly, the data presented are generated from 

duplicate sample wells due to limited PM quantities. Therefore, appropriate statistical 

approaches (e.g., bootstrapping replicate absorbances with replacement) and complete assay 

controls (e.g., absorbance corrections for PM interactions) could not be applied. Furthermore, 

there may be a discrepancy between the true and presented concentration of PM used in the study 

due to questions surrounding the validity of the extracted PM weight. However, all weights were 

performed on the same scale under the same conditions, therefore equal error should be 

attributed to all samples. Regardless, this study demonstrated that different PM 

fractions/mixtures at equal concentrations elicited different oxidative stress responses. Lastly, 

alterations in enzymatic responses can only be attributed to general differences between PM 

types (e.g., with/without O3 or SVOCs) reiterating the importance of in-depth PM analyses and 

metal-specific enzymes when conducting studies aimed to detect the direct effects of PM. 

Further investigation into the sensitivity, specificity, and reproducibility of the tests performed 

are needed.  
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4.3.4 Conclusion 
 

 This study demonstrates that different fractions or mixtures of PM are capable of directly 

inhibiting enzymes involved in oxidative stress. Additionally, Irvine PM appears to be less 

potent than urban SRM possibly due to differences in specific metal concentrations between the 

two particle types. Lastly, particle fractions mixed with O3 equally diminished glutathione 

peroxidase activity possibly indicating increased availability of PM-bound metal constituents. 

Information about particle oxidative stress would be a relevant addition to current air quality 

legislation which currently relies on toxicity assessment using particle size as the sole 

determinant. Optimization of assays aimed to detect direct inhibitory effects of ambient PM at 

low concentrations is a current research goal. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

5.1 SUMMARY OF KEY FINDINGS  

5.1.1 Do PM exposures during periods of high photochemical activity produce 

different cardiac responses compared to PM exposures during periods of low 

photochemical activity? 

These findings indicate that particles formed during periods of high photochemical 

activity (PCA) (e.g. spring/summer) elicit more adverse cardiac conduction anomalies than 

particles formed during periods of low PCA (e.g. fall/winter) possibly due to the observed 

differences in PM characteristics. Both rate- and ventricular-related ECG anomalies were 

exacerbated during periods with high ambient O3 levels suggesting that increased atmospheric 

interaction with O3 and other atmospheric pollutants generates more biologically active PM. 

Furthermore, chemical differences with respect to the organic constituents in ambient particles 

between summer and fall aerosol were seen and were consistent with seasonal trends in 

atmospheric solar radiation. Therefore, photochemical activity may be a good surrogate for 

ambient levels of PM-bound organic species. Importantly, these results are likely to be location 

specific as southern California PM is formed in a region where combustion heating is minimal 

and variations in seasonal temperatures are less extreme than those observed in the eastern 

United States.  
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5.1.2 Do co-exposures to PM and O3 augment the effects of exposure to PM alone 

AND does removing PM-bound organic compounds alter any potential interactive 

health effects? 

These results show that exposure to intact PM is more cardiotoxic than exposure to PM 

with the SVOCs removed. 8-week exposure to CAPs alone was enough to elicit changes in 

multiple ECG waveform indices compared to purified air controls while only the QTcM interval 

was altered in response to DeCAPs exposure. However, animals co-exposed to either PM + O3 

atmosphere mostly failed to produce responses significantly different than those seen in purified 

air controls. The lack of response measured in co-exposed animals may be due to competing 

modes of autonomic nervous system (ANS) imbalance; O3 is known to cause a shift of 

autonomic balance towards parasympathetic activity 137 while the PM exposure has been shown 

to alter the HF component of HRV indicating parasympathetic inhibition 92. Measurements of the 

O:C ratio for the different atmospheres showed that particle composition was affected by the 

addition of O3 to CAPs as well as by the thermal denudation of CAPs and may be one reason that 

the co-exposures of PM and O3 did not result in additive or synergistic adverse outcomes.  

Physiologic responses to PM + O3 mixtures do not resemble those measured following 

exposures to PM formed during under different periods of PCA. This may be due to the 

interaction of PM with other environmental pollutants such as nitrogen oxides (NOx) and 

sulphates (SO4
2-). These pollutants can produce secondary organic aerosols (species produced 

through oxidation of the parent NOx and SO4
2- compounds) which condenses onto ambient PM 

creating more biologically active species 138-140. Additionally, it is possible that subsequently 

adding O3 to PM formed under periods of high photochemical activity reduced the ultimate 

toxicity of the PM 125. 
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5.1.3. Do particles that contain semi-volatile organic compounds negatively affect 

oxidative stress enzymes more than thermally denuded particles AND does O3 

exacerbate the potential effects of PM on oxidative stress enzymes? 

Evidence indicates that inhaled PM can promote oxidative tissue damage, both locally 

and systemically 34,52-57,141-143. Methods to directly measure the oxidative potential of PM have 

been developed such as the dithiothreitol (DTT) assay 144-146, the peroxide/ dichlorofluorescein 

(DFCH) reaction 147, and an electron spin resonance method designed to precisely measure the 

ROS-generating capacity of particle samples 148. The results of this study demonstrate that 

different fractions and/or mixtures of PM are capable of directly inhibiting enzymes involved in 

oxidative stress. Particles that contain SVOCs elicited dissimilar inhibitory responses in 

glutathione peroxidase (GPx) and glutathione reductase (GR) suggesting that oxidative stress 

could be altered via GSH accumulation. The PM + O3 mixtures exacerbated inhibition of GPx 

compared to PM alone. Moreover, the level enzymatic impairment was similar in response to the 

presence of PM + O3 mixtures regardless of PM-bound SVOCs suggesting that O3 is reacting 

with more stable PM-bound constituents. 

The use of microplate assays such as those utilized in this study to examine oxidative 

stress are effective when the quantity of PM samples is limited. Furthermore, these assays can be 

performed on both biological and non-biological samples and therefore could provide a method 

for consistently measuring the oxidative potential of both PM and biological tissues following 

PM exposure. Although these results corroborate findings reported by other groups 54, further 

investigation into the sensitivity, specificity, and reproducibility of the tests performed are 

needed.  
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5.2 KEY LIMITATIONS  

The key limitations for the studies presented are discussed below… 

• ApoE-/- mice were chosen for this study because they are prone to developing arterial disease 

similar to that seen in humans. However, these mice are also susceptible to higher levels of 

systemic oxidative stress and inflammation compared to wild-type mice due to the apoE 

gene’s involvement with anti-oxidative activity 113.  

o It would be beneficial to include a wild-type group when performing these types of 

studies so that strain-based oxidative stress levels could be established and accounted for 

when analyzing data.  

 

• The periods/seasons during which these exposures took place occurred were not ideal.  

o Existing datasets were pooled to perform the seasonal analysis (Chapter 4.1) and thus the 

high PCA exposure occurred during summer/spring while the low PCA exposure 

occurred during fall/winter.  

o The CAPs/DeCAPs exposure occurred in two consecutive years due to exposure system 

limitations (Chapter 4.2). Therefore, differences between the two atmospheres may result 

from differences in PM prior to thermal denudation. 

 

• The ECG and HRV reported in this study are based on relatively small group sizes (n = 3-5). 

These exposures should be repeated, and the results validated prior to incorporation into any 

regulatory guidelines.  
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• The results of the oxidative stress study (Chapter 4.3) are preliminary and based on duplicate 

sample wells due to limited PM quantities.  

o Appropriate statistical approaches (e.g., bootstrapping replicate absorbances with 

replacement) and complete assay controls (e.g., absorbance corrections for PM 

interactions) could not be applied to the analysis 

o Alterations in enzymatic responses can only be attributed to general differences between 

PM types (e.g., with/without O3 or SVOCs) emphasizing the importance of in-depth PM 

analyses and metal-specific enzymes when performing studies on direct effects of PM. 
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5.3 OVERALL SIGNIFICANCE 

 

This report describes how the inhalation of ambient PM generated during different levels 

of atmospheric photochemical activity differentially alters cardiovascular health. Furthermore, 

these studies provide insight into particle characterization and cardiac dysfunction in relation to 

specific PM fractions and/or PM + O3 mixtures. Several studies have identified cardiac 

anomalies resulting from acute exposures to high concentrations of ambient pollutants. The work 

presented here utilized an 8-week in vivo exposure model using environmentally relevant 

pollutant levels which may more accurately represent PM-attributed toxicity. Additionally, these 

studies accurately present seven measurements derived from the ECG waveform, where most 

studies identify two or three.  

Once inhaled, PM is thought to generate reactive oxygen species (ROS) which promote 

inflammatory responses leading systemic and local oxidative stress. The GSH:GSSG ratio has 

been used a general indicator for oxidative stress and changes of said ratio in either direction have 

been measured in response to multiple environmental stressors, including ambient PM 131-133, metals 

134, and ozone 135,136. Therefore, it is necessary to identify the oxidative potential of environmental 

contaminants, including PM, prior to inhalation. Regional and seasonal differences in PM2.5 

composition should be considered when evaluating the effects of PM exposure on cardiovascular 

health. Information about particle oxidative stress would be a valuable addition to current air 

quality analyses that rely on toxicity assessments surrounding particle size.  
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5.4 FUTURE DIRECTIONS 
 

 The underlying theme to this report is that different particle fractions/mixtures elicit 

varied responses on the cardiac conduction system which may be in response to increased 

generation of reactive oxygen species leading to downstream oxidative stress. The ROS 

hypothesis has been supported in vitro using cultured cardiomyocytes and lung cells 63,149-151. 

There have also been in vivo studies linking PM exposure to augmented antioxidant enzyme 

function 34,47,152. Therefore, determining the activity of general antioxidant enzymes such as GPx 

and GR as well as metal specific antioxidants like Cu/ZnSOD and MnSOD in the heart following 

chronic PM exposure would help to elucidate levels of cardiac oxidative stress. Furthermore, 

identifying the concentration of reduced and oxidized glutathione in the tissues of subjects 

exposed to PM will help explain how the glutathione-specific antioxidant enzymes are 

malfunctioning. 

 The generation of ROS in tissues has been attributed to PM-bound metals 30,134. An 

inductively couple plasma mass spectrometer (ICP-MS) can be used to quantify elemental 

species in ambient particulate matter 13,153,154. Going forward, determining the metal content of 

PM samples used during inhalation studies will help to correlate specific metals with adverse 

cardiac responses. Additionally, it would be useful to determine the concentration of metals in 

tissues of exposed animals thereby providing information about metal deposition in the lungs and 

about which metals may preferentially translocate to extrapulmonary organs.  

Understanding how PM-associated metals cause permanent damage to the cardiac 

conduction system would be helpful to our knowledge of PM exposure affects the heart. This 

could be examined using isolated heart techniques coupled with Langendorff or working heart 

perfusion methods. The hearts of mice chronically exposed to concentrated ambient PM can be 
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assessed for alterations in electrophysiological and mechanical parameters. Metal chelators, such 

as ethylene diamine tetra-acetic acid (ETDA), can be used to determine the impact of metals on 

adverse cardiac function. An attenuation of cardiac function suggests that the PM-induced 

cardiac dysfunction is repairable and provides additional research avenues with therapeutic 

implications.  

 This report presented limited data on the direct inhibition of oxidative stress enzymes in 

response to local ambient PM. It would be worthwhile to repeat these experiments with sufficient 

replicates and characterize the antioxidant response in greater detail (i.e. presenting the results in 

terms of residual activity which takes into account multiple inter-assay controls). Additionally, it 

would be useful to compare the oxidative potential of different PM fraction/mixtures using 

different cell-free assays to identify whether there are consistent outcomes between techniques.  

 Lastly, the exposures presented in Chapter 4.2 of this report describe the effect of intact 

and thermally denuded ambient PM. However, there are still questions surrounding the possible 

health effects attributed to the SVOCs that were removed during the denuding process. Data 

aiming to provide answers to this question have been collected and are currently under analysis. 

Additional information about the direct oxidative potential of SVOCs would be an appropriate 

extension of this research. We believe that the electron spin resonance (EPR) technique currently 

used to detect the ROS-generating capacity of PM on filters can be modified to detect SVOCs 

trapped in a liquid media. If successful, this method could be used to help correlate any observed 

cardiovascular impairments with the direct oxidative potential of PM-derived SVOCs. Moreover, 

information about the oxidative potential of environmentally relevant SVOCs could provide 

regulatory agencies with useful information that can be considered when devising air quality 

legislation.  
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SUPPLEMENTAL: CRITICAL REVIEW OF CARDIOVASCULAR 
HEALTH EFFECTS RELATED TO AMBIENT PARTICULATE 

MATTER INHALATION 
 

S.1 INTRODUCTION TO AMBIENT AIR POLLUTION 
 

The correlation between adverse health effects and air pollution exposure has been 

known for almost a century. In 1930, several thousand residents of the Meuse Valley in Belgium 

were stricken with severe pulmonary symptoms when sulfur dioxide from local factory 

emissions combined with a bolus of dense fog; as many as 60 people reportedly died as a result 

of this exposure 155. Twenty years later, hydrogen sulfide-laden factory emissions again 

combined with dense atmospheric fog and combustion particulates engulfed the city of London, 

England. This epidemic resulted in over 3000 excess deaths over 3 weeks and increasing to 

12,000 pre-mature deaths by the following February, 1953 156. A tremendous amount of life was 

lost resulting from these two acute exposures reinforcing the correlative association between air 

pollution and health. However, mechanistic relationships between specific components of air 

pollution and health effects are still poorly understood. One such component, ambient particulate 

matter (PM), is associated with increased cardiovascular morbidity and mortality with greater 

risk to those residing in urban environments 27,157-161 and in individuals with immune deficiencies 

and preexisting cardiopulmonary conditions 162,163.  

A lack of understanding behind cause/effects relationships between specific PM 

components and observed health effects still exists despite the wealth of epidemiological 

evidence linking PM inhalation to cardiovascular diseases. This is, in part, due to the 

heterogenous nature of ambient PM which may substantially vary in size and composition based 

on seasonal processes and particle sources. Therefore, the toxicological responses to similar 
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concentrations of chemically distinct particles could be vastly different and should be considered 

when drafting air quality and health effects legislation.  

S.2 SIZE AND COMPOSITION OF PARTICULATE MATTER  
 

Ambient PM is mixture of minute solid particles and liquid droplets adsorbed onto a 

central core. This core is composed of refractory material, usually elemental carbon while the 

surrounding pollutant layers are composed of redox-active metals, organic carbon compounds, 

secondary sulfates and nitrates, and toxic hydrocarbons. PM is traditionally subdivided according 

to its aerodynamic equivalent diameter (AED) into three categories depending on sources and 

ultimate airway deposition. The largest of these categories, PM10, includes particles with a 

diameter less than 10 µm while particles with diameter less than 2.5 µm are designated PM2.5. 

Ultrafine particulate matter (PM0.1; < 0.1 μm) is included within the PM2.5 mass range and is 

composed of vehicular emission and other products of incomplete fuel combustion; a substantial 

portion of PM2.5 is found under Dp < 30 nm 164-166. The greatest number of particles are included 

within the smallest PM size fraction, PM0.1, although these particles do not account for large 

portions of total PM mass. However, these small particles pose additionally health risks 

compared to the larger PM fractions due to its ability to deeply penetrate the lung and possibly 

translocate into the vasculature and where it can directly and indirectly effect extra-pulmonary 

organs such as the heart or induce systemic effects as inflammatory mediators 142,167,168.  

The potential toxicity of ambient PM is thought to be a function of its physical and 

chemical properties. Particle movement in the atmosphere and within the human respiratory 

system depends largely on air flow and particle size. Particles contained within the PM10 size 

fraction exhibit a relatively short suspension time and a large degree of filtration by the nose and 

upper airways 169-173. Inhaled PM2.5 primarily deposits in head and bronchial region of the 



86 

 

respiratory tract with some deposition to the deep lung where the particles can potentially 

interfere with alveolar gas exchange 169-173. Current national ambient air quality standards set by 

the U.S. Environmental Protection Agency (EPA) consider mass concentrations of PM2.5 and 

PM10 size fractions but do not consider composition differences. Particles in the PM2.5 size 

fraction have a large degree of chemical heterogeneity which has some dependence on PM 

source 48. For instance, PM2.5 particles formed near industrial processes may have higher 

concentrations of metallic components while particles formed near highly trafficked roadways 

are mainly the result of incomplete combustion processes 48,49. 

Particles produced and emitted directly from combustion sources including light- and 

heavy-duty vehicles, off-road vehicles, wood smoke, refinery processes, and power generation 

are referred to as primary source particles. In urban environments, like in southern California, 

these primary particles are mainly products of incomplete fuel combustion from motor vehicles, 

however there are contributions from marine, industrial, and natural sources 174,175. Numerous 

atmospheric processes act on the aerosolized PM which alter its physical and chemical properties 

including nucleation, condensation, dilution, and oxidation. In the case of mobile sources, 

emitted particles are dispersed and diluted into the atmospheric background in two phases. The 

first phase, known as “tailpipe-to-road” dilutions, results from the highly turbulent air patterns 

generated by moving vehicles while the second phase, “atmospheric turbulence-induced” 

dilutions, is caused by atmospheric instabilities such as wind events. During these dilution 

events, exhaust particles and vapor are rapidly cooled and new, sometimes more reactive, 

particles are formed through nucleation of low-volatility compounds or through the condensation 

of new particle compounds onto pre-existing particle substrates 176. 
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The main components of Southern California PM2.5 include nitrates, organic carbon and 

sulfates with elemental carbon, metallic species, ammonium, and other elements present in 

smaller quantities 174,177. Recent studies have determined that secondary PM (particles formed 

through the reaction of primary PM with pollutants such as nitrogen oxides and sulphates) 

accounts for most of the PM2.5 in the region, highlighting the importance of atmospheric 

processes in particle formation 174,178. For instance, photochemical episodes tend to drastically 

alter the size distribution of ambient PM by increasing particles under 30 µm due to secondary 

organic aerosol (SOA) generation 179. This phenomenon also contributes to alterations in 

seasonal and diurnal variations in PM concentrations.  

Polycyclic aromatic hydrocarbons (PAHs), a class of semi-volatile organic compounds 

(SVOCs), are generated by incomplete combustion sources and are shown to be as systemic 

toxicants following inhalation 180. The particle-bound PAHs are thought to be more toxic 

compared to their vapor-phase counterparts 180 with examples like indeno[1,2,3-cd]pyrene and 

benzo[a]pyrene respectively considered possible and probable carcinogens by the International 

Agency for Research on Cancer (IARC). Due to the predominance of anthropogenic sources, 

these particle-phase PAHs are present in higher concentrations in urban Southern California 

compared to the rural California background levels 181.  

Transition metals adsorbed to PM may contribute to particle toxicity and have been 

implicated in several cardiopulmonary studies as a main toxicant in ambient PM air pollution 

143,182-187. The soluble fraction of PM which contains zinc salts has been shown to inhibit 

adenosine triphosphate (ATP)-dependent calcium (Ca2+) influx 143,188. Excess zinc concentrations 

in isolated cells has been shown to effect Ca2+, sodium, and potassium channel regulation 189-191. 

PM exposure has also been shown to increase plasma zinc levels and can interact with other 
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essential metals in the heart 187,192. Transition metals that exist in two or more valence states, like 

copper (Cu), cadmium (Cd), and iron (Fe), can generate hydroxyl radicals through the Harbor 

Weiss/Fenton reaction which leads to enhanced reactive oxygen species (ROS) production and 

inflammation. Gurgueira et al. (2002) found Sprague-Dawley rats exposed to concentrated 

ambient PM experienced a significant degree of oxidative stress in the lungs and heart compared 

to air controls 47. Of note, this study determined there were strong associations between the 

oxidative load and the CAPs content of Fe, Mn, Cu, and Zn in the lung, and with aluminum (Al), 

Fe, silicon (Si), and titanium (Ti) in the heart 47. Cd, another metallic component of PM, can 

increase intracellular calcium concentrations through the cell-surface G protein-coupled “metal 

binding receptor” which in turn activates phosphatidylinositol to produce phospholipase C and 

1,4,5-inositol triphosphate (IP3) subsequently triggering Ca2+ release from IP3-sensitive internal 

stores 193,194. Therefore, it is possible that certain cardiac effects of PM inhalation may be due to 

acute elevations in circulating metal concentrations leading to adverse cardiac mitochondrial 

effects 192. Taken together, these data suggest that the metallic components of PM can influence 

oxidative stress and inflammation, ion channel dysfunction, and interfere with normal cellular 

functions.  
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S.3 CARDIAC CONDUCTION CYCLE 
 

S.3.1 Cardiac Ion Currents and Action Potentials 
 

The establishment and maintenance of the membrane potential in cardiac myocytes is 

necessary for proper conduction of the action potential (AP). The voltage difference between the 

intracellular and extracellular compartments of the myocyte is referred to as the membrane 

potential (Em) and it changes as cells are stimulated during the cardiac conduction cycle. One 

factor determining the overall Em is the ion gradient concentration, or the concentration 

difference between ions located inside or outside the cells. Under normal physiologic conditions, 

the concentration gradient across the membrane results in ion movement from areas of high 

concentration to areas of low concentration until equilibrium is reached. The other requirement 

for membrane potential regulation is selective ion channels integrated within the cellular 

membrane. Erroneous activation of these channels can cause an imbalance of ion movement 

across the membrane leading to a charge difference between the intracellular and extracellular 

compartment thus establishing an electrical gradient that balances that of the chemical gradient. 

The Nernst equation was published by the German physical chemist Walther Nernst in 1888 195 

and calculates the established membrane potential of an ion based on the concentration gradient 

and valence state of said ion. The generalized form of the Nernst equation is presented below 

(Equation S.1) and yields the equilibrium membrane voltage of the cell when only a single ion 

contributes to the generated Em. However, the Em in cardiac cells are often governed by multiple 

ion gradients simultaneously. Under these conditions, the Goldman-Hodgkin-Katz (GHK) 

equation (Equation S.2) more accurately reflects the final equilibrium membrane voltage 196,197.  
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Equation S.2: Generalized Nernst equation… 

𝑉𝑒𝑞 =
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝑋}𝑜

[𝑋}𝑖
 

  where,  

Veq is the equilibrium potential of a given ion (X) 

R is the universal gas constant in (Joules per Kelvin per mole) 

T is the temperature (in K) 

z is the valence for the ionic species (X) 

F is Faraday’s constant (in Coulombs per mole) 

[X]o is the concentration of ion X in the extracellular fluid 

[X]i is the concentration of ion X in the intracellular fluid 

 

 

 

Equation S.3: Generalized Goldman-Hodgkin-Katz (GHK) equation… 

𝑉𝑒𝑞 =
𝑅𝑇

𝐹
ln (

𝑝𝑋[𝑋}𝑜

𝑝𝑋[𝑋}𝑖
+

𝑝𝑌[𝑌}𝑜

𝑝𝑌[𝑌}𝑖
+

𝑝𝑍[𝑍}𝑜

𝑝[𝑍}𝑖
) 

where,  

Veq is the equilibrium potential of a given ion (X) 

R is the universal gas constant in (Joules per Kelvin per mole) 

T is the temperature (in K) 

F is Faraday’s constant (in Coulombs/mole) 

px is the membrane permeability of ion X 

py is the membrane permeability of ion Y relative to ion x 

pz is the membrane permeability of ion Z relative to ion x 

[X]o is the concentration of ion X in the extracellular fluid 

[X]i is the concentration of ion X in the intracellular fluid 

[Y]o is the concentration of ion Y in the extracellular fluid 

[Y]i is the concentration of ion Y in the intracellular fluid 

[Z]o is the concentration of ion Z in the extracellular fluid 

[Z]i is the concentration of ion Z in the intracellular fluid 
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The image below depicts the ion currents, action potentials, and electrocardiogram (ECG) 

waveforms of both human and mouse during pacemaker, atrial, and ventricular cardiac 

conduction cycles. The contents of this image and other portions of the cardiac conduction 

system are discussed in detail throughout the following chapter.  

 
Figure S.20: The relationship between human and mouse cardiac ion channel gradients, action potentials and 

ECG recordings. See full figure legend on the following page. 
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Figure S.1: The relationship between human and mouse cardiac ion channel gradients, action potentials and 

ECG recordings. 

Part i) depicts the ion channels and directional currents of human cardiomyocytes during activation of the sinoatrial 

node, the atrial compartments, and the Purkinje fibers of the ventricles while Part ii) shows the resulting action 

potentials in the three area of the heart during a typical cardiac conduction cycle which can be visualized using ECG 

techniques which produces the tracing in Part iii) of the image. Part iv) represents a typical mouse ECG waveform. 

The mouse ventricular action potential is depicted in Part v) with the corresponding membrane ion channels and 

gradients illustrated in Part vi. The inlay represents the amplitude and direction of ion channels in an idealized action 

potential. Solid vertical black lines separate regions of the heart. Dotted vertical black lines separate phases of the 

cardiac action potential and ECG waveform. For parts ii) and v), the phases of the action potential are in red font. 

For parts i) and vi) Ca2+ is in blue font, Na+ is in purple font, and K+ is in red font. NCX: Sodium Calcium 

Exchanger; Ik1: Inward Rectifier; Ito: Transient Outward, IKr and IKs: Delayed Rectifiers (rapid and slow); IK,ATP: 

ATP-Inhibited Potassium Channels; IK,ACh: Acetylcholine-activated Potassium Channels; ICa,L/T: L-type or T-type 

Calcium Channels; If: “Funny” pacemaker current; INa: Fast Sodium Channel; PWD: P wave duration; QRS: QRS 

interval duration; T-wave Amp: T-wave Amplitude. 
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S.3.1.1 THE SA NODE 
 

The normal cardiac impulse originates in the sinoatrial node (SAN) and acts to generate a 

consistent heart beat necessary for adequate blood flow. Pacemaker automaticity results from 

spontaneous depolarization of the membrane which induces pulsing action potentials (AP). There 

are currently two predominant hypotheses for SAN function; the “voltage clock” theory which 

predominantly focuses on the activity of the “funny” current (If) and the “calcium clock” theory 

which takes into account Ca2+ release from the sarcoplasmic reticulum (SR) during the later 

stages of the pacemaker action potential 198,199.  

In the “voltage clock” theory, If is activated during Phase 4 of the SAN action potential 

and, together with the outflow of potassium (K+), provides an inward depolarizing current. The 

SAN does not express the inward rectifying current (IK1) responsible for stabilizing the resting 

membrane voltage of atrial and ventricular myocardium 200. Moreover, the rapid (IKr) and short 

(IKs) delayed rectifier currents that initiate the Phase 3 repolarization in the SAN diminish shortly 

after the start of the inward depolarizing current allows for the If and other inward currents to 

initiate another depolarization phase (Phase 0) 201,202. In addition to the K+ channels, the SAN 

also possess both L- and T-type calcium (Ca2+; ICaL and ICaT, respectively) channels. The ICaL 

current is primarily responsible for the upstroke of the SAN action potential while the ICaT 

current is involved in the final depolarization stages (Phase 0) 200,203,204. Lastly, the upstroke of 

the SAN action potential during this depolarization phase is slower than in working atrial and 

ventricular myocardium predominantly due to the lack of fast inward sodium (Na+) currents and 

the dependence of the slow ICaL channels 200,203,205. 

 Intracellular Ca2+ distribution is also thought to contribute to pacemaker automaticity in 

the SAN. It has been shown that the SR spontaneously releases Ca2+ during the later stages of the 

SAN action potential 206,207 which directly induces additional Ca2+ release from the cytosol by 
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the Na+-Ca2+ exchanger (NCX) in a process known as calcium-induced calcium release. The 

opening of the NCX generates a net inward current by exchanging 3 Na+ ions for 2 Ca2+ ions and 

ultimately contributes to the late depolarization stage of the SAN208.  

S.3.1.2 THE ATRIUM 

Electrical depolarization of the atria is the first phase of the cardiac cycle and initiated by 

the influx of Na+ ions from neighboring SAN cells. The increased Na+ concentration in the atrial 

cells leads to a rapid AP upstroke (Phase 0) and results in the P wave of the electrocardiogram 

(ECG). Following the AP upstroke, a small influx of Ca2+ via ICaL flows into the cell causing a 

large Ca2+-induced Ca2+ release form the SR via Ryanodine receptors (RyRs) 202. This increased 

cellular Ca2+ concentration initiates atrial muscular contraction due to the interaction of Ca2+ 

with myofilaments. Increases in Ca2+ begin during late ventricular diastole of the previous 

cardiac cycle when the pressure within the atrial compartments increases over that of the 

ventricular compartments thereby allowing the atrioventricular valves to open 202.  

Relaxation of the atrial cells occur when Ca2+ concentrations decrease in the cell by 

exiting through the membrane-bound NCX and the Ca2+-ATPase or being re-absorbed into the 

SR through the SR Ca2+-ATPase (SERCA). This Ca2+ decrease is coupled with large fluxes in K+ 

currents that are predominantly involved with atrial membrane repolarization 202. The transient 

outward K+ current (Ito) produces the initial, rapid repolarization (Phase 1) immediately 

following the AP upstroke while the AP plateau (Phase 2) and subsequent repolarization (Phase 

3) is maintained by the ultra-rapid delayed-rectifier currents (IKur), together with the IKs and IKr  

and the Na+-K+ ATPase (INKA) currents 209. Once the atrial myocardium has fully repolarized, the 

resting membrane potential (RMP, Phase 4 of the AP) is upheld by the inward rectifier current 
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(IK1)  and the G-protein gated K+ channel (IK,ACh)  which mainly operate at negative membrane 

potentials 202,209.  

S.3.1.3 ATRIOVENTRICULAR NODE 
 

The atrioventricular node (AVN) is located in the triangle of Koch at the base of the atrial 

septum 210 and is involved in several crucial processes. Primarily, the AVN provides a pause in 

conduction between the atrial and ventricular compartments of the heart providing adequate time 

for the atria to complete the current conduction cycle prior to the initiation of ventricular systole. 

Due to its relatively long refractory period, the AVN acts as a buffer between the atria and the 

ventricles from atrial arrhythmias by blocking high frequency atrial APs. In extreme cases, the 

AVN can act as a back-up pacemaker if there are complications with normal SAN function due 

similarities between the SAN and AVN action potential; both exhibit a large If current and 

decreased expression of the IK1 and INa currents 200,211-215. It has been found that AVN removal in 

excised rabbit hearts results in an almost doubling of cardiac cycle length 216 underscoring the 

importance of normal AVN function.  

Differences exist in ion expression between the AVN and the SAN. The AVN produces a 

pronounced increase in the transient outward K+ (ITo) currents relative to the working atrial 

myocardium while slightly downregulating the IKur and IKr
 currents which is opposite of that 

found in the SAN which exhibits a marked decrease in the Ito, IKur, and IKr 
200,212. Additionally, 

differences in Ca2+ handling between the two nodal regions exists with the SAN displaying a 

large down-regulation of the SERCA and RyRs receptors compared to the atrial myocardium 

while the AVN only shows a modest decrease in these receptors 212.  

S.3.1.4 HIS-PURKINJE SYSTEM 
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Following the delay at the AVN, the electrical impulse moves to the bundle of His. The 

His bundle is isolated from the AVN within connective tissue and located in the bottom of the 

left atrium. Under normal conditions, conduction through the AVN is the only pathway 

connecting the electrical activity of the atria to the ventricles. Therefore, His bundle dysfunctions 

can lead to multiple degrees of heart block ranging from conduction delays between the upper 

and lower chambers of the heart (first-degree blockages) to a complete disassociation between 

these two cardiac regions (third degree blockages) 217. Right and Left bundle branches form at 

the distal end of the bundle of His and extend through the cardiac septum towards the apex of the 

heart. The cells of the bundle branches are insulated by connective tissue sheaths allowing for 

fast, uninterrupted AP conduction to the apex of the ventricles without activating ventricular 

myocardium along the way 218. The bundles innervate the ventricular myocardium at specific 

sites through networks of Purkinje cells where subsequent excitation occurs.  

 A key characteristic of the His-Purkinje system is fast conductance relative to other 

ventricular myocardia. This is due in part to an abundance of the large and intermediate gap 

junctions (Cx40 and Cx43, respectively) 215,219,220. Additionally, the AP of Purkinje fibers have a 

quicker upstroke velocity and longer duration compared to the working ventricular AP which 

contribute to the fast conduction rate 221,222. The Purkinje fibers also exhibit pacemaker 

capabilities and can pace the ventricles in cases of AV block. However, this pacemaker function 

is suppressed under normal sinus rhythm due to extrinsic excitation at frequencies above their 

intrinsic rate 202. In humans, the Purkinje system exists primarily in the subendocardial space and 

accounts for roughly 1-2% of the total ventricular mass 223,224.  

S.3.1.5 VENTRICLES 
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Blood moves from the atria to the ventricles while the ventricular myocardium is at rest 

and the pressure within the ventricular compartments is below the pressure inside the atrial 

compartments. Once the AP propagates down through the His-Purkinje system, it flows into the 

ventricular myocardium where depolarization can be visualized via ECG as the QRS complex. 

Ventricular depolarization is coupled with myocardial cytosolic Ca2+ increases which initiate 

ventricular muscle contraction (systole) and cause the pressure within the ventricular 

compartment to rise and the atrioventricular valves to close. When ventricular pressure exceeds 

that of the atrial pressure, the aortic and pulmonary valves open and blood is ejected to the 

systemic and pulmonary systems 225. Repolarization of the ventricular myocardium, viewed as 

the T-wave on the ECG, is necessary for Ca2+ removal and myocyte relaxation (diastole). Once 

the pressure within the ventricular compartment has dropped below that of the atrial 

compartment, blood begins to passively fill the ventricles and the cycle repeats. 

The AP of the ventricles is similar to that seen in the atria. The rapid upstroke seen in 

ventricular depolarization is generated by the fast activation of Na+ channels and results in a 

large inward Na+ current (INa). However, the velocity of the upstroke and duration of the 

resulting plateau phase (Phase 2) compared to the atrial AP are larger and longer, respectively 

226,227. A small repolarization (Phase 1) immediately following ventricular depolarization (Phase 

0) results from the simultaneous inactivation of the INa current and activation of the transient 

outward K+ currents (Ito) 
228,229. At this same time, L-type calcium channels begin to open 

resulting in a slow influx of Ca2+ (ICa,L) into the cells which leads to further increases in cellular 

Ca2+ levels via Ca2+-induced Ca2+ release from RyRs in SR 202,230. This increase in Ca2+ binds to 

the myofilaments of the ventricular myocytes and generates the ventricular contraction. 

Ventricular systole begins when the increased Ca2+ levels in the myocytes are purged from cell 
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through the sodium calcium exchanger (NCX) and Ca2+-ATPase or re-sequestered into the SR 

through the SERCA channels 231.  

The last channels to activate during ventricular repolarization are the delayed K+ rectifier 

currents (IKr,s). The balance between the IKr,s currents and the ICa,L current enable the plateau 

phase (Phase 2) of the ventricular AP to remain depolarized for an extended duration which is 

essential for proper excitation-contraction coupling and normal AP waveform propagation. 

Repolarization of the ventricles (Phase 3) occurs when the ICa,L channels inactivate. The outward 

IKr,s currents begin to dominate during this phase and is coupled with the activation of inward 

rectifying IK currents. Once repolarization is complete, the AP returns to resting membrane 

potential (Phase 4), a period primarily maintained by the IK current 232,233. 

S.3.2 Differences Between Mouse and Man 
 

 Animal models are primarily used to investigate cardiac cellular 

electrophysiology. Therefore, it is wise to consider species-specific differences when comparing 

results to human outcomes. The first detailed descripting of the murine ECG was described in 

1968 by Goldbarg et al. 87 with more recent groups utilizing mouse models to study cardiac 

conduction and repolarization relevant to gene mutations seen in human subjects 234-236.The most 

noticeable difference between human and animal is overall heart rate. Smaller animals, such as 

mice and rats, have faster heart rates compared to humans (~600 or 400 bpm, respectively) which 

correlate with numerous differences in ventricular AP regulation 89,237,238. This section will go in 

depth into the atrial and ventricular AP differences between human and mouse and how they 

manifest on the surface ECG. 

The AP of the SAN in mice exhibit similar upstroke velocities, amplitudes, and diastolic 

potentials compared to those in humans indicating only small differences in the L-type Ca2+ 
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current responsible for the SAN AP 239. However, mice possess substantially shorter SAN AP 

durations compared to humans possibly due to differences in delayed rectifier K+ currents (Ito, 

IKr,s) and the pacemaker current (If) 
240,241. Atrial AP are also similar between these two species 

and result in comparable P-wave morphology, albeit with different AP durations. Furthermore, 

the PR interval in both species is often used as a measure of atrial repolarization 237,242,243. 

Similarities between the human and mouse cardiac electrophysiology end at the AVN where 

only minor difference in connexon expression and gap junction formation are present but 

manifest through differences in AVN conduction delays 212,244.  

The ventricular AP conduction cycle in the mouse is vastly different than that seen in 

humans. The ultra-rapid transient outward K+ current (IKur) is responsible for the initial 

repolarization phase of the AP (Phase 1) in mice 245. The Ikur current is absent in humans; the 

initial repolarization is guided by fast transient outward K+ currents (Ito,f). In mice, ventricular 

repolarization is primarily facilitated by numerous rate-varying transient outward K+ currents 

(i.e., Ito,f and Ito,s) 
241,246, Mice also express a smaller L-type Ca2+ current (ICaL) compared to 

humans which manifests in a gradual repolarization instead of a true plateau phase (Phase 2) 

247,248. The rapid and slow delayed K+ rectifier currents (IKr,s) have large impacts on Phase 2 and 

Phase 3 of the human ventricular AP whereas these currents have negligible effects in the murine 

myocytes during these AP phases 241,247.  

These species-dependent ion current differences result in noticeable alterations to the 

ECG waveform. The shape of the ECG waveform in mice is different than that of other 

mammalian species. Boukens and colleagues argue ventricular depolarization is most accurately 

portrayed by assessing the duration of the QRS complex between the onset of the Q wave and 

the point where the S wave intersects with the isoelectric line 89,238. Additionally, the mouse ECG 
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includes the presence of a J wave while lacking an isoelectric ST segment 85,238, both of which 

are not present in the human ECG. The J wave and ST segment in mice are used as a proxy to 

identify partial or complete ventricular repolarization. The end of the J wave has been shown to 

correspond with about 90% of total ventricular repolarization 249. Other groups have shown that 

complete ventricular repolarization occurs at the point when the negatively-deflected T wave 

returns to isoelectric levels 85,238. These differences between the human and mouse ECG can lead 

to improper detection of underlying cardiac issues and should be accounted for when attempting 

to compare effects between species.  

S.4 EPIDEMIOLOGY 
 

Exposure to elevated concentrations of ambient PM is implicated as a risk factor for 

increased cardiovascular disease 5,11,12,121,250,251. Short-term exposure to PM air pollution is 

associated with increased risk of myocardial infarctions and incidence of ischemic strokes 

6,250,252-255. It is possible that sudden atrial constriction and/or endothelial disruption resulting 

from PM inhalation could initiate these types of coronary abnormalities by disrupting plaque 

stability or by decreasing the degree of myocardial perfusion in patients with pre-existing 

atherosclerosis. Additionally, decreases in parasympathetic tone triggered by PM exposure can 

potentially induce arrhythmias resulting in episodes of bradycardia and ultimately sudden death 

121. Zanobetti and colleagues determined that there is an increased risk of hospitalizations in 

elderly individuals for myocardial infarctions per 10 μg/m3 increases of ambient PM10 mass 6. It 

is therefore possible that fine and ultrafine fraction of PM, which is included within the PM10 

mass fraction, is responsible for a portion of the cardiovascular effects due to the large surface 

area/unit mass which allows for a higher adsorption of reactive organic molecules and increased 

ability for interaction with cellular targets 46. 
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S.5 TARGET-ORGAN TOXICITY 
 

Ambient PM is composed of a heterogeneous mixture of compounds which vary in mass, 

concentration, shape, surface area, reactivity, solubility, and origin which all impact 

toxicological outcomes. The following chapter outlines a proposed mechanistic framework for 

PM2.5 and O3 toxicity relevant to cardiac abnormalities (Figure S.2) and includes several possible 

interactions between inhaled particulate matter and downstream biological endpoints. 

Mechanisms leading to free radical generation, increased inflammation, and oxidative damage 

will be the topics on which the following sections will focus. 

 

Figure S.2: Hypothesized Mechanistic Framework for PM and O3 Toxicity Following Inhalation. 21. 

S.5.1 Pulmonary System 
 

S.5.1.1 PULMONARY INFLAMMATION 

Pulmonary inflammation is one of the more widely established health effects resulting 

from PM inhalation. Early research looking into the effects of PM in the lungs was performed 

using PM-treated cell culture experiments. These studies show that macrophages, the resident 

defense cells of the lungs, release several interleukins (IL) including IL-8, IL-6, and IL-1β in 

addition to granulocyte macrophage colony-stimulating factor (GM-CSF) and macrophage 

inflammatory protein (MIP)-2 256-259. The generation and release of these factors into the 

respiratory environment initiate the recruitment of circulating inflammatory cells including 
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monocytes, lymphocytes, phagocytes, and neutrophils in response to in vivo PM exposure. It has 

been shown in animal models that PM stimulates the production of inflammatory cytokines 

thereby initiating the infiltration of immune cells such as neutrophils 260, and macrophages 261.  

Additionally, alveolar macrophages exposed to PM in vitro exhibited decreased levels of 

anti-inflammatory cytokines (IL-4, IL-13, and IL-10) 262-264. Macrophages appear to release 

different products when interacting with different sized PM; both macrophages and epithelial 

cells have been shown to produce a substantial proportion of the respiratory immune response 

when exposed to coarse PM (PM2.5-10) compared to smaller particle fractions which may be due 

to the inclusion of more reactive components such as transition metals. 256,265-269. Immune cells 

are also able to modify the responses of airway epithelial cells. Macrophages have been shown to 

exacerbate the epithelial cell response to PM in both co-culture 270-272 and conditioned media 

257,273 through the release of tumor necrosis factor (TNF)-α 273 thereby increasing the expression 

of transcription factors like nuclear factor (NF)-κB and the mitogen activated protein kinase 

(MAPK) pathway which both are involved with inflammatory cytokine production. 151,274. 

 Studying the effects of PM on lung cells is essential for understanding the mechanisms 

underlying its toxicity. Numerous experiments using in vivo exposure paradigms aim to 

corroborate results identified under in vitro conditions. Increased numbers of neutrophils and 

macrophage have been identified in the bronchial alveolar lavage fluid (BALF) of rodents 

instilled through the trachea with PM 152,275-277. Cytokines and other signaling molecules (i.e., IL-

6, monocyte chemoattractant protein (MCP)-1), MIP-2, and TNF-α were also found to be 

increased in PM-instilled mice 152,275,277-281. Similar markers for pulmonary inflammation have 

been identified in sputum or BALF from human subjects following a controlled inhalation 

exposure to PM or purified air. Inflammatory cells in exposed individuals were found to be 
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increased compared to control subjects 282,283 with the effect specific to the bronchiole region of 

the lungs 284. Inflammatory cytokines like IL-8 and eotaxin were also increased in lung fluids of 

these subjects 282,283,285 indicating that PM can initiate pulmonary inflammatory responses in both 

children and susceptible populations 11,286,287. 

S.5.1.2 PULMONARY OXIDATIVE STRESS 

ROS generation and free radical peroxidation also play a significant role in PM-

associated respiratory decrements as many PM-induced inflammatory mediators are susceptible 

to oxidation reactions 288. The metals, organic components, and free radicals adsorbed to the PM 

can elicit free radical production which oxidizes lung cells 57,289-291. It has been found that 

cytochrome P450 can metabolize PAHs to produce a variety of redox cycling quinones which in 

turn damage lung tissue through ROS production 292,293. The transitions metals bound to PM 

produce ROS via hydroxyl radical (• OH) catalyzed by Fenton-like reactions 293,294. Once 

inhaled, these reactive components can increase the concentration of free radicals in the lung 

which deplete antioxidant reserves and induce oxidative stress through the activation of the 

nuclear factor (erythroid-derived 2)-like (Nrf)2 pathway 151. Excess ROS production in the lungs 

in response to PM exposure has been identified using both in vitro and in vivo methods 55,295. A 

study in healthy mice found that low doses of PM2.5 (15 µg; intranasal instillation) increased 

catalase levels and reduced the GSH:GSSG ratio (a measure of oxidative damage) in the lungs 

296. Additionally, it has been shown that the ROS generated by water-soluble particles can 

generate hydroxyl radicals that can damage DNA and lead to downstream mutagenesis and 

ameliorate DNA repair mechanisms 297-299.  
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S.5.1.3 PULMONARY EFFECTS OF PM AND OZONE CO-EXPOSURE 

 Ambient air pollution exposures have also been investigated in the context of PM and 

gaseous co-exposures. O3 is thought to be one of the dominant gas pollutants contributing to 

cardiopulmonary toxicity. Healthy individuals exposed to 300 µg/m3 of diesel exhaust PM 

followed by 0.2 ppm of O3 experienced significant increases in pulmonary neutrophil and 

macrophage concentrations compared to sham controls 300. Multiple rodents studies have 

identified adverse pulmonary responses with PM + O3 co-exposures 133,301-303 Spontaneously 

hypertensive rats acutely exposed to ultrafine PM (Dp ≤ 0.1 µm; 250µg/m3) in combination with 

O3 (1.0 ppm) experienced more severe bronchi and central acinar injuries compared to single 

atmosphere exposures 304 possibly due to the reaction of organic constituents (e.g. PAHs) with 

O3 in the co-exposure atmosphere 305. In another study, mice co-exposed to PM + O3 (0-50µg 

PM2.5 intranasally instilled, 0.8 ppb O3) exhibited a marked increase in pulmonary neutrophil 

levels without generating a standard Type 2 inflammatory and epithelial response compared to 

O3 exposure alone 306. These studies indicate that O3 and PM co-exposures can produce 

pulmonary outcomes separate from exposures to individual pollutants.  

S.5.2 Vasculature 
 

S.5.2.1 PARTICLE TRANSLOCATION FROM LUNGS TO VASCULATURE 

 

 The translocation of PM from the lungs into the systemic circulation depends on the 

physical and chemical makeup of the PM at the air-blood interface. Experiments using 

tracheally-instilled 99mTc-labelled albumin particles (Dp ≤ 80 nm) in hamster models discovered a 

substantial transfer of PM into the systemic circulation and numerous extra-pulmonary organs 

including kidneys, liver, heart, and spleen 1-hour post exposure 167. Additionally, 192Ir-labeled 

ultrafine PM was found to persist in rat circulatory systems up to 1 week post exposure 307. 
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Furuyama and colleagues instilled mice with both gold and fluorescently labeled PM (Dp = 20 

nm , 200 nm) and found appreciable amounts of particles in the same extra-pulmonary organs as 

identified above 308. Human experiments attempting to identify PM translocation have identified 

disparate results; some studies report negligible lung clearance of 99mTc-labelled particles within 

3 days of exposure 309-311 while others report immediate clearance 168. The differences in PM 

clearance studies underscores possible methodological issues including detection methods, tracer 

retention/leaching, and PM generation/dose administration.  

S.5.2.2 SYSTEMIC INFLAMMATION 

 

Once in circulation, PM has been shown to produce systemic inflammation which 

negatively impacts cardiovascular health. Clinical studies have identified a positive correlation 

between plasma C-reactive protein (CRP) and acute PM exposure in both healthy patients 312 and 

those who are elderly and/or sick 163,287,313. Links between real-world ambient PM concentrations 

have been investigated with data acquired from personal PM samplers. These studies found that 

PM exposure was positively correlated with increases in plasma CRP levels 314 as well as 

augmented inflammatory cell counts with increased levels of white blood cells and fibrinogen 

315,316. These markers have also been found to be increased in populations exposed chronically to 

PM 317,318. Importantly, children living in polluted areas were found to have increased levels of 

numerous inflammatory markers including, but not limited to, TNF-α, IL-1β, endothelin-1, and 

CRP compared to children living in less polluted regions 319. 

The effects of PM exposure on systemic inflammation in human subjects has been 

confirmed in multiple animal studies. Rodents exposed to PM through various exposure routes 

exhibited increased levels of serum inflammatory cell counts with increased inflammatory 

protein levels 276,320. Other animal studies indicate that PM exposure can increase circulating 
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neutrophil concentrations by decreasing the transit time of polymorphonuclear leukocytes (PMN) 

from the bone marrow 321-323. This decreased PMN transit time resulting from direct PM 

instillation was substantiated in studies that tracheally instilled media from PM-conditioned cells 

272,324, indicating the importance of PM-induced lung responses in downstream systemic 

inflammation. 

S.5.2.3 SYSTEMIC OXIDATIVE STRESS 
 

 Vascular oxidative stress is primarily produced through the activation of enzymes such as 

uncoupled endothelial nitric oxide synthase, xanthine oxidase, or NADH/NADPH 325. Vascular 

ROS production can also result from the numerous toxic constituents adsorbed to the PM (see 

section S.5.2.3). Exposure to PM has been correlated with systemic oxidative stress which can be 

identified through altered expression of certain circulatory biomarkers or factors produced by 

downstream organs. Associations between levels of PM and 8-hydroxy-2’-deoxyguanosine (8-

OHdG), a DNA oxidant, in healthy subjects 326 during short term PM exposure were found to be 

significantly associated with increased plasma homocysteine levels in both smokers 327 and 

elderly individuals 328. Additionally, the effects of PM on plasma GSH and Cu/ZnSOD were 

attenuated by supplementation with the antioxidant omega-3 fatty acids when administered in an 

elderly cohort 329.  

 Studies using in vitro models have been helpful in solidifying the role of PM in ROS 

formation and oxidative stress. Diesel exhaust particles (DEP) have been shown to induce 

superoxide in cell-free systems 58. Mice exposed to PM were found to promote NADPH oxidase-

mediated ROS formation through an in infiltrating monocytes and vascular tissue 320 with other 

studies identifying increases in both NADPH oxidase and superoxide in murine aortas 330. 
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Moreover, an analysis of liver tissue in hyperlipidemic mice identified increased expression of 

multiple antioxidant genes including catalase, Nrf-2, and SOD2 15.  

S.5.2.4 BLOOD PRESSURE 

 Exposure to PM has also been shown to elicit alteration in systemic blood pressure (BP) 

in both acute and chronic studies. Coogan et al. identified a positive relationship between PM 

exposure and increased BP and risk for developing hypertension 331. Other epidemiological 

approaches have also established links between PM exposure and BP at a population level which 

have been able to tease out relationships between specific PM components (i.e., carbon type) and 

certain at-risk populations 332-340. Despite a small number of studies showing a slight negative 

association between PM exposure and BP 83,341-343, the majority of studies have identified that 

PM exposure is associated with increases in both systolic and diastolic BP. It is therefore 

necessary to evaluate these changes when properly assessing PM-induced cardiovascular 

function.  

 The effects of PM exposure on BP have been assessed on an individual level using 

personal PM samplers. As with the population-based approaches, PM has been shown to 

positively correlate with increased measures of BP 344-346. Notably, it was found that individuals 

acutely exposed to DEP (two hour duration on two separate occasions) also exhibited similar BP 

anomalies 347 emphasizing the substantial short-term effects of PM exposure. Some researchers 

have utilized interventional approaches to help solidify the effects of inhaled PM on BP. One 

study identified that BP was increased in individuals exposed to PM compared to individuals 

wearing PM-filtering face masks during the same period 348. Another study established that BP 

increases associated with unventilated cooking areas were ameliorated following additional 

ventilation and PM removal from the cooking area 349. PM has also been found to cause BP 
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changes in animal models. The BP in mice repeatedly exposed to DEP was found to be increased 

over control animals with curcumin administration able to adequately mitigate these changes 276. 

Decreases in BP were also noted following chronic exposure to photochemically activated 

concentrated ambient PM 124. These data adequately suggest that PM exposure is capable of 

altering BP in both human and animal models, and the mechanisms behind these changes should 

be accounted for when assessing ultimate cardiotoxicity. 

S.5.2.5 VASCULAR DYSFUNCTION AND ATHEROSCLEROSIS 
 

 Particulate matter has been linked to increased atherosclerosis and vascular dysfunction 

in a plethora of studies. Exposure to increased levels of PM2.5 has been shown to correlate with 

significant increases in carotid intima-media thickness suggesting increased risk for 

atherosclerotic development with a greater association in vulnerable populations 350-352. Other 

studies have identified increased coronary 100 and thoracic 101 artery calcification in healthy 

individuals with increased PM exposure levels. Additionally, increased PM exposure was found 

to correlate with decreases in nitroglycerine-related vascular activity (necessary for arterial 

dilation) and increases in brachial artery flow-mediated diameter (a measure of arterial dilation) 

344,353.  

 Animal studies have provided a wealth of insight into the vascular changes associated 

with PM inhalation. Atherosclerotic lesion development was shown to be exacerbated in 

numerous PM-exposed animal models including rabbits, low-density lipoprotein receptor 

(LDLR)-deficient mice, and apolipoprotein E knockout (apoE-/-) mice compared to air exposed 

controls 15,120,354. Increased atherosclerosis was measured in mice sub-chronically exposed to 

environmentally relevant levels of Beijing ambient PM (17 μg/m3 PM2.5 and 99 μg/m3 PM10) 
16. 
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Moreover, long term exposure to concentrated ambient particle (CAPs) resulted in increased 

vascular inflammation and atherosclerotic plaque lesions in apoE-/- mice fed high-fat diets 

compared to control animals 355. The effects of CAPs on atherosclerotic progression may be a 

function of particle size as it was found that mice sub-chronically exposed to ultrafine CAPs 

exhibited greater lesion area in the thoracic artery compared to both air controls and mice 

exposed to a larger concentration of concentrated PM2.5 
356 suggesting that increased surface area 

with additional adsorbed chemical constituents may be partly responsible for atherogenesis.  

 Oxidative stress and ROS generation is also a significant promoter of atherosclerosis. 

Insights from experiments with DEP established that there was a dose-dependent increase in 

lipid peroxidation and fibrotic deposits found in the aortic plaque lesions of apoE-/- mice 18. 

Furthermore, the effects of DEP exposure were attenuated when animals were given particle-

filtered DEP at comparable concentration to the unfiltered DEP, indicating that atherosclerotic 

plaque composition is, in part, driven by the particle phase of ambient air pollution. Our 

laboratory has previously shown that mice exposed to PM2.5 thermally-stripped of most semi-

volatile compounds (SVOCs) decreased overall plaque formation compared to mice exposed to 

whole PM 13. However, the thermal denudation of PM results in a decrease in overall particle and 

mass concentration which hinders the ability to clearly delineate between dose and compositional 

effects of SVOC removal. 
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S.5.2.6 VASCULAR EFFECTS OF PM AND OZONE CO-EXPOSURE 

 Particulate matter and O3 co-exposures have helped to better understand the vascular 

effects of real-world air pollution events. A randomized crossover study found that healthy adults 

acutely exposed to CAPs + O3 via inhalation (~ 150 µg/m3 CAPs; 120 ppb O3) exhibited 

significant brachial artery vasoconstriction compared to filtered air exposures 357 possibly due to 

increased sympathetic nervous system stimulation via afferent pulmonary vagal nerves or 

perhaps acute increases in plasma endothelin (ET) concentrations 301. Additionally, the inhaled 

PM may induce inflammation and cytokine production due to free radical generation which can 

also contribute to vascular ET expression through oxidative stress pathways 358. PM + O3 co-

exposure in animals have led to less conclusive results. Rats chronically exposed to a DEP or O3 

singly (~ 2.0 mg/m3 DEP; 500 ppb O3) were found to exhibit significant mRNA upregulation of 

proteins associated with oxidative stress, microvascular thrombosis, protease/antiprotease 

concentrations, and vasoconstriction in the aorta with no effect seen in the DEP + O3 co-pollutant 

atmosphere 359. This lack of co-pollutant response was also observed in mice acutely exposed to 

CAPs in combination with O3 (~ 150 µg/m3 CAPs; 120 ppb O3) where animals exposed to single 

pollutant atmosphere exhibited a larger change in HDL antioxidant/anti-inflammatory capacity 

compared to filtered air controls. The lack of response to PM + O3 atmospheres may be due to 

the ability of O3 to diminish the health effects of PM exposure, such as the case with diastolic 

blood pressure in humans 360 or on heart rate variability in rats 104,361,362.  

S.5.3 Heart 
 

S.5.3.1 HEART RAVE VARIABILITY AND AUTONOMIC DYSFUNCTION 

 Exposure to PM has be shown to elicit multiple effects on heart rate variability (HRV), an 

index that looks at the interval deviation between consecutive heartbeats. Increased PM exposure 
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was associated with a decrease in the standard deviation of normal-to-normal beat intervals 

(SDNN) in a cohort of elderly patients expressing specific mutations in a gene involved in the 

methionine cycle 363. Other human studies have identified contrasting HRV associations with 

increased PM exposure, as patients with a history of myocardial infarction (MI) experience 

decreased SDNN but patients with a history of chronic obstructive pulmonary disorder (COPD) 

experienced an increase 364 highlighting the importance of underlying health in HRV outcomes. 

Studies in animals have also determined that PM exposure can produce disparate results on HRV 

parameters. Rats that inhaled either concentrated ambient PM or DEP exhibited decreases in both 

SDNN and the root mean square of successive differences (RMSSD) of the normal-to-normal 

beat intervals 365,366. Chen et al. found that SDNN and RMSSD in apoE-/- mice were both 

increased and decreased in response to PM exposure depending the period of acquisition 120. 

Furthermore, apoE-/- mice exhibited decreases in both time- and frequency-dependent parameters 

of HRV following intranasal instillation 367 or chronic whole body inhalation or PM2.5 
13,124

  

suggesting an impairment of the parasympathetic limb of the autonomic nervous system (see 

detailed discussion below).  

 The autonomic nervous system (ANS) is critical for proper function and maintenance of 

HRV. Air pollution may induce dysregulation of the sympathetic and parasympathetic branches 

of the ANS through the excitation of excitatory/inhibitory afferent nerves. Oxidative stress 

produced by inhaled PM has been shown to produce acute autonomic disruptions via stimulation 

of the transient receptor potential (TRP) vanilloid 1 (TRPV1) or TRP ankyrin 1 (TRPA1) on 

pulmonary irritant-sensitive afferent vagal nerve fibers (aka C-fibers) 368,369, and, when activated 

alter efferent autonomic nerve activity to the cardiovascular system 370,371. Additionally, acute 
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PM exposure was shown to induce parasympathetic cardiac dysautomation through the 

methylation of interferon (INF) γ via changes in inflammation and sympathetic control 372.  

 Chronic ANS dysfunction resulting from prolonged PM exposure can result from 

alterations in normal cardiac baroreflex function 370. As mentioned previously in this chapter, 

PM exposure can exacerbate atherosclerotic plaque formation through increased inflammatory 

processes and oxidative stress. In humans, measurements of decreased cardiac baroreflex 

sensitivity has been found to correspond with coronary atherosclerotic impairments 373. 

Neuroplasticity is also though to affect chronic ANS function as acute exposure to PM2.5 reduced 

central cardiac vagal excitability and baroreflex responsiveness in a mouse model 374. 

Endothelial dysfunction in arterial walls can augment baroreflex sensitivity by changing how 

stretch receptors respond to vascular pressure changes.  

S.5.3.2 CARDIOMYOCYTE DYSFUNCTION 

 Multiple pathways have been proposed to help explain the effect of PM exposure on 

cardiac function. A study using human cardiomyocytes (AC16 cells) determined that PM2.5 

exposure induced an upregulation in proteins associated with the mitochondria-mediated 

apoptosis pathway (Caspase-3, Caspase-9, and BAX) ultimately inducing cell apoptosis 375. 

Wang et al. measured increased cardiomyocyte apoptosis resulting from PM2.5 exposure in a rat 

model where it was determined that PM elicited larger alterations in myocardial enzyme profiles, 

increased CRP levels and decreased SOD activity compared to control animals 376. The Wang 

study also identified increased cellular apoptosis stemming from increased phosphorylation of 

myocardial c-Jun NH2-terminal kinase (JNK) and p53 which act to upregulate levels of B-cell 

lymphoma 2(BCL2)-Associated X Protein (BAX) and caspase-3 while downregulating levels of 

Bcl-2 376. Upregulation of JNKs and p38 MAPK levels leading to altered BAX/Bcl-2 ratios and 
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increased caspase-3 levels were also identified in cultured rat cells (H9C2 cells) exposed to PM 

in vitro 149 suggesting a significance of the JNK/MAPK pathway in PM-induced cardiovascular 

toxicity. 

Apoptosis is only one hypothesized mechanism for PM-induced cardiomyocyte toxicity. 

Data from an exploratory panel study found a positive association between traffic-related 

pollutants and Nrf2-mediated genes (SOD2, heme oxygenase (HMOX1), and NAD(P)H 

dehydrogenase quinone 1 (NQO1)) at the transcription level 377 implying an increased oxidative 

potential of freshly derived vehicle emissions. An in vitro study using human cardiomyocytes 

(HL-1 cells) determined that cells exposed directly (incubated in culture) to PM increased ROS 

generation without overall metabolic alterations while cells indirectly exposed to PM 

(conditioned media from PM-exposed macrophages) induced a marked reduction in cardiac 

metabolism 150. The differential response between the direct and indirect PM exposures may be 

due to Nrf2’s ability to translocate into cell nuclei where it participates in cellular antioxidant 

responses and reaffirms the importance of lung-derived mediators in downstream cardiac 

function. The effects of direct and indirect PM exposure were further investigated using 

harvested rat cardiomyocytes where it was determined that cells exposed directly and indirectly 

to DEP exhibited ROS-dependent contractile and calcium handling dysfunction 378. PM exposure 

was also found to increase cellular apoptosis rates and intracellular ROS production in a dose-

dependent manner in an in vitro rodent cardiomyocyte model 149.  

S.5.3.3 ECG WAVEFORM ANOMALIES AND UNDERLYING IMPAIRMENTS 

 PM exposure is an established risk factor for functional cardiac impairments. Increases in 

PR interval duration were found to be correlated with increased PM exposure in a human study 

379 which could indicate a perturbation of parasympathetic activation, sympathetic withdrawal, or 
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cardiomyocyte Ca2+ channel blockages. The mechanistic explanations behind P-wave alterations 

have been investigated using several rodent models. Dianat and colleagues acutely exposed rats 

to PM (2.5 mg/kg or 5.0 mg/kg body weight via intratracheal instillation) with high metal 

content exhibited increased PR durations with decreased levels of antioxidant enzymes (GPx, 

SOD, and CAT) 380 suggesting that PM exposure initiates ROS formation and oxidative stress. 

The Dianat study also established that supplementation with vanillic acid, an antioxidant, was 

able to attenuate the negative effects of PM exposure 380. The protective effects of vanillic acid 

and the importance of its receptor, TRPV1 (previously discussed in section S.5.3.1), was further 

investigated in a study by Ghelfi et al. 381. Rats chronically exposed to PM exhibited increased P-

wave durations, QRS durations, and QT intervals with concomitant increases in oxidative stress 

measurements (cardiac in situ chemiluminescence and lipid peroxidation) compared to control 

animals with s(CPZ) administration, a TRPV1 antagonist, capable of reversing the effects 381. 

These studies indicate the usefulness of ECG waveform changes to detect possible ANS 

impairments.  

 Myocardial ischemia and alterations to ventricular repolarization can be identified by 

assessing changes in the T-wave of the surface ECG. In humans, PM exposure has been 

associated with decreases in T-wave amplitude and T-wave area in patients with ischemic heart 

disease 254 with another study associating a 10 µg/m3 increase in ambient PM to a 4-5% increased 

odds of developing decreased T-wave amplitudes 382. Rodents studies examining the effects of 

inhaled PM on ventricular function have produced inconsistent results. Farraj et al. noted 

increases in both T-wave area and T-wave amplitude in rats acutely exposed to residual oil fly 

ash (ROFA)-like PM2.5 (450 µg/m3 via nose-only inhalation) 98 while failing to elicit a 

significant pulmonary inflammatory response. However, these same T-wave measurements 
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increased in rats when exposed to higher doses of the ROFA-like PM2.5 (3.5mg/m3 via nose-only 

inhalation) while also producing a significant pulmonary immune response 98. This pattern of 

response seen in the T-wave measurements, together with the lack of inflammatory response in 

the low-dose exposure group, may be caused by direct oxidative damage to cardiomyocytes 

resulting from the translocation of metals to the heart 141. 

 Increased systemic oxidative stress may also impact ECG waveform morphology. Our 

laboratory has previously shown that apoE-/- mice exposed to quasi-ultrafine PM (Dp ≤ 0.18 µm) 

experienced increases in PR interval duration, QRS interval duration, and T-wave amplitude (as 

a percent change from baseline) compared to control animals which were accompanied by 

increases in atherosclerotic plaque size, arterial lipid accumulation, and serum malondialdehyde 

(MDA) levels 13. The toxic effects of PM inhalation in this previous study were ameliorated in 

mice similarly exposed to thermally denuded PM 13 possibly indicating the PM-associated 

SVOCs as the primary toxic agent in PM-driven cardiovascular injury. Alterations in T-wave 

area with an upregulation in Endothelin (ET)-1 were also identified by Campen et al. in apoE-/- 

mice exposed to PM from freshly generated gasoline emission but not from gasoline emissions 

sans particles 383. Similar to the study discussed above by Farraj et al., the T-wave alterations 

identified in the Campen study occurred without increased pulmonary inflammatory markers 

suggesting that oxidative damage to cardiomyocytes may result from the direct translocation of 

metals to the heart. 

S.5.3.4 CARDIAC EFFECTS OF PM AND OZONE CO-EXPOSURE 

 The cardiac effects of PM + O3 co-exposures have also been investigated. In one study, 

rats were exposed to O3 (800 ppb) following an intratracheal instillation of PM2.5 at a dose of 

either 0.2, 0.8, or 3.2 mg/rat 133. Animals exposed to the medium or high dose exhibited periods 
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of ST-segment anomalies and QRS interval prolongation/J-wave inversions, respectively 133. 

This study also established a dose-dependent response between the administered concentrations 

of PM+ O3 and the levels of 1) inflammatory markers such as CRP and IL-6, and 2) heart 

oxidants and antioxidants such as SOD and MDA, the latter of which was increased nearly 3-fold 

in the highest PM + O3 dose compared to controls 133. In another study, Kurhanewicz et al. found 

that mice exposed to ultrafine CAPs (140 µg/m3 via inhalation) in concert with O3 (300 ppb) 

experienced longer QRS intervals and rate-corrected QT intervals compared to filtered air or 

PM-exposed mice 104. These co-exposed animals also had a greater number of non-conductive P-

waves compared to controls and compared to both PM and O3 atmospheres. Non-conductive P-

waves accompanied by widened QRS complexes are suggestive of atrioventricular conduction 

block with possible downstream ventricular conduction impairments 384. The Kurhanewicz study 

also found that glutathione S-transferase was significantly reduced in the ultrafine PM+ O3 

exposure but not in the single PM exposure which may indicate increased systemic oxidative 

stress 104.  
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