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This document summarizes additional mechanistic information obtained in the first 6 years of the
PM Centers’ research since their establishment in 1999. Research performed as part of the EPA-
funded Patrticle Centers has increased the understanding of the mechanisms of PM health effects.
Progress has been made in understanding the dosimetry and distribution of particles throughout the
body, pulmonary inflammation and vascular effects, asthma and allergen responses, cardiac effects,
vascular and systemic inflammatory effects, and possible impact on the central nervous system.
These findings have increased our understanding of the mechanisms of injury at the organ, tissue,
cellular, and subcellular levels, and have begun to shed light on systemic interactions in the whole
organism that contribute to adverse health outcomes.

1. Introduction

A number of plausible mechanisms have been proposed to explain the adverse health impact of
ambient air particulate matter (PM) (Table 1). Various aspects of the inflammatory response
cascade are postulated to play key roles in PM effieatsa. from a number of EPA Centers studies
have shown that inhalation of PM can elicit pro-inflammatory effects in tissue culture cells, the
lung, and the cardiovascular system (1-13). However, it remains unclear whether the systemic and
cardiovascular responses are primarily driven by local (pulmonary) inflammation with production
of pro-inflammatory cytokines and chemokines in the affected airways, or by translocation of
particles into the pulmonary and systemic circulation, with more direct effects on the endothelium
and other organs. In either case, evidence is building that reactive oxygen species (ROS) may play
an important role as a mechanism of injury.

The major emphasis on the mechanistic report will be on the role of oxidative stress and
inflammation in mediating the adverse effects of PM. This does not exclude the contribution of
other mechanisms of injury (Table 1).

2. The Role of ROS and I nflammation in PM-induced Adverse Health Effects

A potential mechanistic link between PM exposures and inflammation involves the generation of
ROS and oxidative stress (1, 6, 10, 12, 14-17). Several centers have demonstrated that ambient PM
and DEP induce ROS production in target cells such as macrophages, bronchial epithelial and
endothelial cells (2, 11, 12, 16-18). More direct evidence that ROS is involved in PM effects in vivo
has been provided by chemiluminescence studies in rats, in parallel with a demonstration that
antioxidants suppress these oxidative stress effects (17). In vivo chemiluminescence originating
from H,O, production in the lungs or heatrt, is a sensitive measure of inhaled CAPs effects,



including their impact on the lung (17). N-acetylcysteine (NAC) suppressed the chemiluminescence
response (10) and was effective in suppressing ovalbumin (OVA) sensitization in mice co-
challenged with aerosolized DEP, daily for 10 days (6, 10). NAC also interfered in the generation
of carbonyl proteins in the lung of these animals; carbonylation is an oxidative modification of
protein structure (6).

In order to explain the link between ROS production and tissue injury, a series of in vitro and in

vivo experiments explored the link between oxidative stress and inflammation (6, 10-12, 16-18).
This led to the characterization of a hierarchical oxidative stress model (Fig. 1), which posits that at
the lower levels of oxidative stress (Tier 1), there is an induction of phase Il enzymes by a genetic
response pathway that involves the transcription factor, Nrf2 (2, 15, 19, 20). Diesel exhaust particles
(DEP) and ambient ultrafine particles (UFP) increase the accumulation of Nrf2 in the nucleus,
including their ability to activate the antioxidant response element (ARE) (21). Interestingly, the
buildup of Nrf2 in the nucleus is dependent on a prolongation of protein half-life by interference in
proteosomal degradation (21). Nrf2 drives the ARE in the promoter of phase Il genes, leading to the
expression of antioxidant and detoxification enzymes (21). Treatment with DEP, organic DEP
extracts and ambient ultrafine particles induced the expression of heme oxygenase 1 (HO-1),
glutathione-S- transferase (GST), NADPH quinone oxidoreductase, catalase, superoxide dismutase
(SOD), glutathione peroxidase and glucoronosyltransferase (20, 21). It has also been demonstrated
that source constituents of ambient particles and NIST ambient particulate can inactivate some of
these protective enzymes. (22). The induction of phase Il enzymes protect against oxidative stress
injury (Tiers 2 and 3), and a reduced Tier 1 defense may promote PM susceptibility. In humans, this
can result from phase Il enzyme polymorphisms, e.g., the GST M1 null genotype which predisposes
to the development of asthma and enhanced sensitization to common environmental allergens
during nasal DEP challenge (23). Conversely, induction of a phase Il response may be a key factor
in adaptation to a polluted environment, and may explain why persistent inflammatory changes in
the lung were not observed after repeated exposure to low CAPs levels in one study (24). Some
phase Il enzymes, such as HO-1, exert anti-inflammatory effects based on their antioxidant abilities.

If Tier 1 protection fails, a further increase in oxidative stress could lead to the generation of pro-
inflammatory responses (Tier 2) or cytotoxic effects (Tier 3) (Fig. 1). Tier 2 responses are linked to
the activation of intracellular signaling pathways which impact cytokine and chemokine production
(1, 2, 25). An example is activation of the MAP kinase anckBFfeascades (2, 25). This cascade is
responsible for the expression and activation of AP-1 transcription factors (e.g., c-Jun and c-Fos),
which in turn is responsible for the expression of pro-inflammatory genes, including those encoding
for cytokines, chemokines and adhesion molecules. European investigators have recently confirmed
that the Jun kinase and NB cascades are activated in lung epithelial cells obtained from human
subjects exposed to DEP inhalation (26). Tier 3 responses involve mitochondrial perturbation by
pro-oxidative chemicals (15, 16, 27, 28). Although the in gigmificance of the mitochondrial

pathway is uncertain, PM-induced interference in one electron transfers in the mitochondrial inner
membrane and perturbation of the mitochondrial permeability transition (PT) pore can contribute to
superoxide generation and the induction of cellular apoptosis (16, 28). These effects can be
mimicked by organic extracts made from DEP as well as redox cycling quinones and functionalized
aromatic hydrocarbons present in these particles (16, 27&&8).tier of oxidative stress is sensitive

to the effects of NAC (16, 28).

The link between oxidative stress and inflammation has been confirmed by microarray and real-
time PCR analyses (3, 21). Total lung RNA was collected to study the pulmonary response to
CAPs in rats (3). This showed increases in pro-inflammatory mediators such as C-C chemokines,
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IL-1, IL-6 and TNFu, in parallel with an overall decrease in immune enhancers such as IL-2 and
interferon. (3). There is also evidence in microarray studies for increases in ROS activity, as well as
evidence for activation of organic chemical metabolism and detoxification mechanisms (3). In
another study in which exhaust aerosol and LPS were used, the expressiom @ntNke TNE

receptor were found to be consistently increased in the lung, heart, and olfactory bulb, although to
different degrees in each tissue (29). Combining these stimuli, led to an additive response (29). A
comparison of microarray results from the lung and heart showed that more genetic changes occur
in the lung compared to the heart (30). There was a significant response at all dose levels in mice
exposed to PM versus saline. The responding genes could be grouped into distinct functional
entities such as inflammation, immune responsivity, oxidant responses, apoptosis, growth factors,
transcription factors, kinase activity, protease activity, transport and cellular adhesion (30).

While there is still considerable debate about which particle components are responsible for the pro-
oxidative and pro-inflammatory effects, there is accumulating evidence that transition metals, such
as copper, vanadium, chromium, nickel, cobalt and iron, as well as aromatic and polar organic
substances play a role in ROS production (1, 2). The particle backbone could play an important role
in acting as a template for single electron transfers reactions, including electron transfer to
molecular dioxygen (11, 14, 16, 20). This could involve redox cycling reactions, as demonstrated by
the ability of the ambient PM collections to generate superoxide in the presence of dithiothreitol
(DTT) (two, 14, 21). In fact, the DTT oxidation event can be assessed by a colorometric reaction to
assay for the content of redox cycling chemicals in urban PM samples (14, 63). Biologically
catalyzed oxidation-reduction reactions in the cell, as well as interference in one-electron transfers
in the mitochondrial inner membrane, contribute to ROS generation. In addition to the ability of
ROS to damage cellular proteins, DNA and cell membranes, electrophilic PM chemicals such as the
qguinones can modify cellular proteins by Michael acceptor reactions (2, 14, 64). It is likely that this
type of reaction leads to Nrf2 release to the nucleus by the covalent modification of its cytosolic
chaperone, Keap-I (21). The covalent modification of intracellular and tissue proteins was also
confirmed by studying their tyrosylation and carbonylation (6). Much remains to be discovered
about the mechanisms by which PM lead to ROS generation.

In order to characterize the redox cycling chemicals present in PM, silica gel chromatography was
used to fractionate organic DEP extracts (11, 20, 21, 28). Increasing polar solvents eluted aliphatic,
aromatic and polar chemical fractions. This demonstrated that the quinone-enriched polar material
was more active than the polycyclic aromatic hydrocarbon (PAH)-enriched aromatic fraction in the
DTT assay, which, in turn, correlates with glutathione depletion in epithelial cells and macrophages
(14, 20, 21). The aliphatic fraction was inactive in these assays.

The relationship between the organic chemical composition and the redox cycling potential of
ambient PM was confirmed in a study where UFP were compared to coarse and fine particles
collected in the Los Angeles basin (14). Ambient UFP were more active than coarse and fine
particles in the DTT assay, and also more prone to generate oxidative stress in macrophages and
epithelial cells (14). Both the in vitro and cellular responses showed an excellent correlation with
the PAH content of UFP (14). Another important observation in this study was the ability of UFP to
lodge in and disrupt the mitochondrial architecture (14). This involves cellular apoptosis and apo-
necrosis by a pathway that requires opening of the mitochondrial permeability transition pore (PTP)
(14, 16, 28). Functional effects on the PTP and inability to sustain one electron transductions in the
mitochondrial inner membrane was confirmed in isolated mitochondrial preparations through the
use of calcium-dependent swelling, calcium retention capacity and dissipation of the mitochondrial
membrane potential (28). Moreover, UFP effects could be reproduced by polar and aromatic
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chemicals fractionated from DEP, while commercial polystyrene nanoparticles were inactive (28).
These data show differential particle toxicity based on size, composition, and subcellular
localization.

Old age also predisposes to PM susceptibility (12, 29). This susceptibility could also be premised on
the increased propensity of aged tissue to generate ROS and oxidative stress. Particle-induced
cytokine gene expression is enhanced in macrophages from aged animals (12). Geriatric rats
exposed to vehicular traffic on a freeway also showed changes in HRV, suggesting a shift in
parasympathetic and sympathetic influences (29).

In summary, ROS generation by the particles themselves as well as their chemical constituents
appear to be a major pathway of injury and could lead to oxidative stress and pro-inflammatory
effects on the lung, heart and possibly also the CNS. Figure 2 summarizes the events that lead to
ROS generation and the biological consequences of oxidative stress. Other important mechanisms
of injury include endotoxin-mediated cellular and tissue responses, covalent modification of key
regulatory proteins in the cell, vasoconstriction and altered blood coagulability.

3. Mechanisms of Cardiovascular Health Effects
3.1. Introduction to cardiovascular mechanisms

Ambient PM initiates adverse cardiovascular health effects in humans and animals. Evidence that
ambient PM can affect cardiovascular health comes from studies that show: (i) associations between
daily changes in PM concentration and cardiovascular deaths and hospitalization admissions, as
well as (ii) increased adult cardiac and pulmonary mortality associated with spatial differences in
PM concentrations. Pathways that have been suggested as potential mechanisms to explain these
associations are shown schematically in Figure 3. The first pathway involves altered cardiac
autonomic function resulting from particle inhalation. Studies have observed that changes in cardiac
autonomic function, as measured by heart rate variability (HRV), are predictors of cardiovascular
disease and mortality. Environmental epidemiological studies also report associations between the
same HRYV predictors and air pollution. The second mechanistic pathway involves lung and
systemic inflammation leading to vascular dysfunction. Inhaled PM may provoke a low-grade
inflammatory response in the lung, release potentially harmful cytokines into the blood, induce
changes in platelets and blood coagulation, increase vascular reactivity, and trigger acute
cardiovascular events specifically associated with ischemic heart disease.

3.2 Studiesusing CAPS exposure during or after coronary occlusion

The effect of inhalation exposure to CAPs on myocardial ischemia was assessed in a canine model
of coronary artery occlusion (31). Exposure to CAPs significantly (p = 0.007) enhanced occlusion-
induced peak ST-segment elevation in precordial leads. ST-segment elevation was significantly
correlated with the Si concentration (p = 0.003) of the particles and other crustal elements. No
associations were found with CAPs mass or number concentrations. Heart rate was not affected by
CAPs exposures. These results suggest that exacerbation of myocardial ischemia during coronary
artery events may be an important mechanism of environmentally related acute cardiac mortality.
The suggested mechanism for these observations involves vasoconstriction of cardiac arteries as a
result of PM exposure. Micro-array studies provide evidence of an increase in endothelin gene
expression in the lung and a substantial decrease in endothelial nitric oxide synthase (eNOS)
expression with CAPs exposure (3). Other studies in rats and mice (32, 33), showing morphometric
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measures of vasoconstriction in the lung and heart, indicate that blood vessels are an important
target of ambient PM health effects. Another recent study showed that diabetics have greater
brachial artery diameter responses from increased exposure to ambient particles (34).

3.3 Chemiluminescence and phar macological approachesto assess ROS production in the
heart

To evaluate the ability of particulate air pollution to promote oxidative stress and tissue damage in
Vvivo, a rat model of short-term CAPs exposure was used (17). CAPs exposure in the range of 300
ng/nt induced significant oxidative stress, determined as in situ chemiluminescence in the lungs
and in the heart, but not in the liver. Increases in oxidant levels were also triggered by residual oil
fly ash, but not by particle-free air nor by carbon black aerosols. Increases in chemiluminescence in
the lung showed strong associations with the CAPs content of iron, manganese, copper, and zinc.
Increases in cardiac chemiluminescence were associated with Fe, aluminum, silicon, and titanium.
CAPs inhalation also led to tissue-specific increases in the activities of the antioxidant enzymes,
SOD and catalase.

Pharmacological strategies were used to determine whether oxidants are implicated in PM-
dependent cardiac dysfunction and whether a PM-induced increase in autonomic stimulation on the
heart mediates cardiac oxidative stress and toxicity (35). In rats, intratracheal instillation of urban
air particles (UAP 75Qug) or inhalation of CAPs (700 +/-180 pginfior 5 hr led to significant

increases in heart oxidants measured as organ chemiluminescence or thiobarbituric acid reactive
substances. Heart rate increased immediately after exposure and returned to basal levels over the
next 30 min. HRV was unchanged immediately after exposure, but significantly increased during
the recovery phase. To determine the role of ROS in the development of cardiac malfunction, rats
were treated with 50 mg/kg N-acetylcysteine (NAC) 1 hr prior to UAP instillation or CAPs

inhalation (10). NAC prevented changes in HRV in UAP-exposed rats. To investigate the role of the
autonomic nervous system in PM-induced oxidative stress, rats were given 5 mg/kg atenolol (beta-1
receptor antagonist), 0.30 mg/kg glycopyrrolate (muscarinic receptor antagonist) or saline
immediately before exposure to CAPs aerosols. Both atenolol and glycopyrrolate effectively
prevented CAPs-induced cardiac oxidative stress (10). These data indicate that PM exposure
increases cardiac oxidants via autonomic signals.

3.4 Studieson HRV and arrhythmias

If PM does cause serious cardiovascular effects shortly after exposure, one would expect to see
some physiological change during exposure. In one study, spontaneously hypertensive rats with
surgically implanted blood pressure transmitters were exposed to concentrated ambient PM (CAPS)
for 4 hr to determine whether CAPs inhalation causes immediate effects (36). At other times, the
rats were exposed to sulfuric acid aerosols because acid is one of the components of PM that could
activate irritant receptors that cause effects. Exposure to CAPs or sulfuric acid aerosols caused a
decrease in respiratory rate and heart rate that was apparent soon after the start of exposure and
stopped when exposures ceased. The similarity between the effects of fine acid aerosol and CAPs
suggests that CAPs activate airway-irritant receptors during exposure.

Pulmonary and systemic effects were assessed in 12 healthy human adult and 12 asthmatic
volunteers exposed once for 2 hr in a whole-body chamber (37). The exposure dose was
approximately 200 pg/frCAPs in the fine size range. Each subject was also exposed once to



filtered air. Neither healthy nor asthmatic subjects showed significant changes in symptoms,
spirometry, or routine hematologic measurements attributable to CAPs exposure compared with
filtered air. Both groups showed CAPs-related (i) decreases of columnar cells in induced sputum
after exposure, (ii) increases in certain blood mediators of inflammation (i.e., soluble intercellular
ICAM-1 and IL-6), and (iii) parasympathetic stimulation of HRV. In the asthmatic group, systolic
blood pressure modestly increased during filtered air exposure and decreased during CAPs
exposure, whereas the pattern was reversed in the healthy group. Observed changes in some
mediators of inflammation in blood and changes in HRV were consistent with PM-related effects
reported from epidemiologic studies suggesting that exposure to concentrateteitdd to elicit

more systemic than pulmonary effects. (38).

UFP in ambient air may play a role in cardiovascular effects because of the possibility of
penetrating the alveolar epithelium and entering the vascular space. The effects of inhalation of
elemental carbon UFP were examined in healthy subjects using continuous ECG monitoring and
measurement of HRV, markers of myocardial repolarization, ischemia, and arrhythmias (39). In two
separate randomized, double-blinded, controlled studies, subjects were exposed to filtered air and to
elemental carbon UFP at mass concentrations of 10 and 25. |ifi#@ particle counts in these

studies were approximately 2 and 7 X particles/crirespectively; particle median diameter was

25 nm. Exposures were for two hours with intermittent exercise. The observed changes were
generally small and not clinically significant, although there were trends indicating an increase in
parasympathetic tone. One of the studies indicated a dose-related shortening of the late-corrected
QT interval with UFP exposure, compared with air. Overall, exposures of healthy subjects to carbon
UFP at these concentrations did not cause clinically important changes in ECG-derived parameters.

An ECG telemetry study was done on aged (1-year) Apoiee (40) exposed intranasally to (5§

of saline or 50 pug each of BMlor silica (Min-u-Sil 5). The mice were monitored for a one-day
baseline prior to and for 4 days following exposure. After an initial increase in both heart rate and
activity in all groups, there was delayed bradycardia with no change in activity of the animals in the
PM and silica exposed groups. In addition, with PM and silica exposure, there was a decrease in
HRV parameters suggesting a decrease in parasympathetic tone which may lead to cardiac
arrhythmia (40).

Long-term exposure to PMsignificantly decreased heart rate, body temperature, and physical
activity for mice lacking apoliproprotein (Apdt over 5 mo of exposure, with smaller and
nonsignificant changes for C57BL/6 mice (41). The effect of subchronic CAPs exposure on HRV
parameters that are sensitive to cardiac sympathetic and parasympathetic nerve activity was also
studied (42). HRV in the late afternoon and overnight for the Apoiee showed a gradual

increase for the first 6 wk, a decline for about 12 more wk, and a slight turn upward at the end of the
study period. For C57BL/6 mice, there were no chronic changes in HRV in the late afternoon, and a
slight increase after 6 wk for the overnight period. The response patterns of Apo&Eimplies a
perturbation of the homeostatic function in the cardiovascular system (initial enhancement and later
depression of the HRV parameters). These results complement the findings in human panel and
controlled CAPs exposure studies in demonstrating that increased levels of particle pollution are
able to perturb cardiac autonomic function, which may lead to adverse cardiovascular outcomes.

Ambient air pollution is a complex mixture of PM and gaseous pollutants such as CO. The effect of
exposure to CO, alone or in combination with ambient PM, on arrhythmia incidence has been
difficult to sort out in epidemiological studies. To evaluate these effects, left-ventricular myocardial
infarction was induced in Sprague-Dawley rats by thermocoagulation, and 12-18 hr later the rats

6



were exposed (1 hr) to either filtered air (n = 40), CO (35 ppm), CAPs (median concentration =
350.5 pg/m), or CAPs and CO (CAPs median concentration = 318.2 ) ¢48). CO exposure

reduced ventricular premature beat (VPB) frequency by 60.4% (p = 0.012) during the exposure
period compared to controls. CAPs exposure alone increased VPB frequency during the exposure
period, and the response to CAPs plus CO was a decrease in arrhythmia similar to CO alone. No
significant interactions were observed between the effects of CO and CAPs. Thus, in this animal
model, the responses to CO and CAPs are distinctly different. Other studies have shown marked
increases in post-MI arrhythmia in rats using PM surrogates (43, 44).

3.3 3.5 Systemicinflammation, acute phase reactions and effects on coagulation

Adverse effects of inhaled PM may be the indirect result of a PM-induced increase in blood
coagulability. This explanation is biologically plausible because prospective studies have shown
that increases in blood coagulation parameters are significantly associated with risk of adverse
cardiovascular events. The hypothesis that acute exposure to elevated levels of PM causes
prothrombotic changes in blood coagulation parameters was examined (45). Rats with indwelling
jugular vein catheters were exposed for 6 hr to filtered air or CAPs in New York City air. Blood
samples were taken at four time points: before and immediately after exposure and at 12 and 24 hr
after the start of exposure. At each time point, six coagulation parameters (platelet count, fibrinogen
level, factor VII activity, thrombin-antithrombin complex level, tissue plasminogen activator

activity, and plasminogen activator inhibitor activity) were measured as well as all standard blood
count parameters. Five concentrated-PM exposure experiments were performed over a period of 8
weeks. PM exposure concentrations ranged from 95 to 342 |ifffiere were no consistent
exposure-related effects on any of the endpoints across the five experiments and no indication of
any dose-dependent effects. The results do not indicate that exposure to ambient CAPs causes
adverse effects on blood coagulation in healthy rats.

Systemic release of cytokines from the lung and vasculature may impact the production of clotting
factors and anticoagulant enzymes in the liver. Laboratory-generated 30 nm elemental carbon UFP
were intravenously administered to rats (46). It was shown that doses as low as 1 mg per rat were
able to induce thrombus formation in the ear vein model (46). While the role of particle-adsorbed
chemicals in these adverse cardiovascular events is uncertain, UFP gain access to the systemic
circulation by alveolar penetration. This is illustrated by ear vein thrombus formation upon
intratracheal instillation of UFP (46); even a low dose (0.2 g per rat) was able to produce a
significant effect.

Human studies failed to show an effect of UAP inhalation on coagulation and systemic
inflammatory responses (47). Healthy and asthmatic subjects inhaled 10 to 5@|egiental

carbon UFP (~25 nm) for 2 hr with intermittent exercise. There were no exposure-related increases
in platelet count, serum fibrinogen, factor VII, or Von Willibrand’s factor antigen in venous blood.
There were no significant effects on measures of systemic inflammation, including serum amyloid
A (SAA), IL-6, and soluble ICAM-1.

3.6 Accelerated atheroscler osis models (ApoE and variations)

Studies were conducted to determine whether PM can exacerbate atherosclerosis, which is a chronic
inflammatory disease of the vessel wall. In one study, C57BL/6, 'Amel ApoE"/LDL-receptor
(DK)-deficient mice were exposed to CAPs for 6 hr/5 days/wk, for up to 5 months (48). The overall
mean exposure concentration for these groups of animals was 110 Jilggneross-sectional area
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of the aorta root of DK mice was examined morphologically using confocal microscopy for the
severity of lesion, extent of cellularity, and lipid contents. Aortas from the arch to the iliac
bifurcations were also sectioned longitudinally and lesion areas were stained with Sudan IV. All DK
mice, regardless of exposure, had developed extensive lesions in the aortic sinus regions, with
lesion areas that covered > 79% of the total area. In male DK mice, the lesion areas in the aortic
sinus regions appeared to be enhanced by CAPs, with changes approaching statistical significance
(p = 0.06). In addition, plaque cellularity was increased by 28% (p = 0.014, combined) whereas
there were no CAPs-associated changes in the lipid content in these mice. When examining the
entire aorta opened longitudinally, both the Apad DK mice had prominent areas of
atherosclerosis covering 40% or more of the luminal surface. Visual examination of all images
suggested that plaques tend to form in clusters concentrating near the aortic arch and the iliac
bifurcations. Quantitative measurements showed that CAPs exposure increased the percentage of
aortic intimal surface covered by grossly discernible atherosclerotic lesion by 57% in thé ApoE
mice (p = 0.03). This study demonstrated in susceptible animals had a significant impact on the size,
severity, and composition of aortic atherosclerotic plaques.

3.7 Implications of the cardiovascular mechanistic studies

Ischemic heart disease, arrhythmias, hypertension, and atherosclerosis are important outcomes that
have been linked to ambient air pollution via epidemiological and experimental studies. The

specific mechanisms involved are complex. It is clear that the autonomic nervous system, the
responses of the endothelium, and ROS play important roles.

4. M echanisms of Respiratory Effects of PM

4.1 Introduction to mechanisms of respiratory health effects

The respiratory epithelium is the first tissue to encounter, and respond to inhaled PM. Local
responses include injury, inflammation, release of inflammatory mediators, alteration of allergen
responsiveness, and activation of neuronal pathways. The respiratory tract is also the portal for
distribution of PM to other organs. There are three potential pathways for PM effects: (i) local
airway and respiratory effects: (ii) local mediator responses causing effects beyond the respiratory
system, and (iii) effects from PM translocated beyond the respiratory tract. This section will focus
on respiratory effects, including new findings on particle dosimetry, airway inflammation, asthma
and allergen responsiveness, and the pulmonary vasculature.

4.2 Dosimetry and Particle distribution

The health effects of PM exposure are proportional to the locally deposited particle dose and this
dose is influenced by the proportion of inhaled particles that are retained in the lung with each
breath. Fractional particle deposition and distribution within compartments of the respiratory tract
are markedly influenced by particle size. Some ultrafine particles have a high rate of deposition in
the alveolar region of the lung because they deposit by diffusional mechanisms.

Human clinical studies with inhalation of ultrafine carbon particles were undertaken with a specially
developed inhalation facility (49). In healthy subjects exposed at rest to 10 or ZBJk§(r23

nm) for 2 hours, the number deposition fraction exceeded 0.6, and increased further during exercise
(8). In subjects with mild asthma, UFP deposition was further enhanced, both at rest and with
exercise (8). Remarkably, the number deposition fraction in asthmatics during exercise was 0.86



+0.04. Not only does exercise increase patrticle dose but the fraction of inhaled particles that
deposits is increased as well.

4.3 Airway I nflammation

Airway inflammation can be measured (i) directly by histological examination or recovery of
inflammatory cells from airway sampling such as bronchoalveolar lavage fluid or sputum, and (ii)
indirectly via changes in inflammatory cytokine gene or protein expression, decrements in
pulmonary function secondary to airway narrowing, increases in non-specific airways
responsiveness, or increases in systemic markers of inflammation.

Until recently, there was little evidence that inhalation of ambient PM, even at relatively high
concentrations, caused significant inflammation in the respiratory tract. Recent animal and human
inhalation studies, using particle concentrators, have shown that short-term exposure to
concentrated ambient fine particles may have pro-inflammatory effects. Similarly, exposure of
dogs to CAPs in the Boston area showed no effects of total PM mass on indicators of airway or
systemic inflammation (50). However, further analysis suggested that specific PM components
were associated with specific inflammatory cell responses, both in the lung and the blood.

Pulmonary inflammatory responses to CAPs were assessed by exposing normal rats followed by
collection of total lung RNA (3, 51). The RNA was pooled, labeled, and hybridized to multiple
Affymetrix rat micro-array chips to explore the range of responses to CAPs exposure. Using the A-
chip results, data from the sham-exposed group was subtracted from the CAPs group. Since these
chips typically include multiple measurements of the same gene, cluster analyses of the results as
well as biologic responder cluster assessments of these micro-array studies strongly support the pro-
inflammatory potential of CAPs. Increases in pro-inflammatory mediators such as C-C chemokines,
IL-1, IL-6 and TNFx are illustrated with an overall decrease in immune Th1 enhancers such as IL-2
and interferon. In addition to enhanced pro-inflammatory mediators, there is evidence of vascular
endothelial responses to inhaled CAPs. There is also evidence in the microarray studies for
increases in ROS activity, as well as evidence for activation of chemical metabolism and
detoxification pathways.

In a human clinical exposure study, investigators in the Chapel Hill area, NC, found modest
increases in inflammatory cells in BAL a fluid from healthy subjects after inhalation of
concentrated ambient fine particles (52). In contrast, another group found no increases in
inflammatory cells in induced sputum or changes in pulmonary function following concentrated
fine PM inhalation in young healthy or asthmatic subjects (53), or in healthy elderly subjects with
chronic obstructive pulmonary disease (54). Similarly, no inflammatory effects were observed with
exposures to concentrated coarse PM (38). Pietropaoli et al. exposed subjects to 10 td 25 pg/m
elemental carbon ultrafine particles (UFP) for 2 hours, with intermittent exercise (47). They found
no effects on sputum inflammatory cells, pulmonary function, or exhaled nitric oxide (NO), a
noninvasive measure of airway inflammation. Additional studies at a higher concentration of 50
ng/nt also showed no changes in pulmonary function or exhaled NO, and no changes were seen in
systemic markers of inflammation or coagulation (55). However, ambient UFP may have a greater
pulmonary inflammatory potential than pure elemental carbon particles.

Mild pulmonary inflammatory responses have been seen in a study of “on-road” exposures to
ambient particles in rats (56, 57, 58). In one experiment, a single 6 hr exposure to on-road aerosols
was found to increase the total number of cells in BAL fluid 3 days after exposure in comparison to
filtered air controls. In a separate experiment, the aerosols were found to induce a decrease in the
percentage of circulating PMNs relative to filtered air controls after a single 6 hr exposure.



In summary, there is evidence that inhalation of PM at concentrations near ambient can initiate a
mild acute inflammatory response in the lung. However, the absence of inflammatory cells or
structural changes in the chronic CAPs inhalation studies suggests that pulmonary inflammation
may resolve with chronic exposure in animals or humans without lung disease, perhaps due to
upregulation of antioxidant and adaptive responses, as discussed in Section 2. The demonstration of
long-term effects on the vascular endothelium and heart in the absence of pulmonary effects
suggests the lung is better able to adapt to the effects of PM exposure than is the cardiovascular
system. However, the effect of long-term PM exposures on the pulmonary inflammatory response in
people with or without underlying lung disease, such as asthma or chronic obstructive lung disease,
is unknown.

4.4 Asthma and Allergen Responsiveness

A number of human and animal studies have shown that DEP act as an adjuvant that can enhance
the allergic inflammatory response to common environmental allergens. Exposure to aerosolized
DEP can enhance antigen (OVA)-specific IgE production in a murine inhalation model (6). This
adjuvant effect could be suppressed by NAC, in parallel with a decrease in carbonyl protein content
in the lung (6). However, this route of sensitization does not lead to vigorous airway inflammation
(2, 6), prompting the development of additional murine models to test the effect of DEP on the
enhancement of airway inflammation and AHR (7). Two new protocols were developed (7). In the
first, low-grade sensitization is achieved by injecting the antigen in BALB/c without alum, followed
by challenge with aerosolized OVABREP. This allows DEP to act as an adjuvant during secondary
sensitization, with the ability to induce airway inflammation and AHR. In the second model,
delivery of DEP post-OVA challenge in the classical sensitization model leads to a resurgence of
airway inflammation and AHR (7).

4.5 Pulmonary Vascular Effects

There is evidence that inhalation of fine and ultrafine PM may alter the function of the vascular
endothelium in the lung as well as systemically. In morphometric studies of the pulmonary
vasculature in rats (32), exposure to CAPs produced a decrease in the lumen-to-wall ratio,
indicating vasoconstriction in the pulmonary vascular bed. Sulfate and silicon were the chemical
species most strongly associated with these vascular effects. Microarray studies showed a strong
increase in mediators and receptors associated with vasoconstriction and endothelial injury with an
inhibition of vasodilator mediator activity (57). The lungs and hearts of rats exposed to 3 days of
CAPs, compared with sham exposures, showed morphologic evidence of both pulmonary and
cardiac vascular endothelial activation. Similar effects were seen in human studies. Exposure to 50
ng/nt carbon UFP decreased the pulmonary diffusing capacity for carbon monoxide 21 hours after
exposure (-1.76 = 0.66 ml/min/mmHg (UFP) vs. -0.18 + 0.41 ml/min/miaity p = 0.040) (55).

This finding is consistent with decreased pulmonary capillary blood volume in response to UFP.
Taken together, these findings provide evidence of endothelial cell changes with exposure to
ambient patrticles.

In a series of randomized, double-blind studies, healthy and asthmatic subjects were exposed to
elemental carbon UFP at concentrations of 10, 25 and 5C° payichblood leukocytes were

analyzed by flow cytometry for changes in surface expression of adhesion molecules (13). There
were reductions in expression of adhesion molecules on blood monocytes and PMNs compared with
control air exposures. For example, monocyte expression of ICAM-1 was decreased following
inhalation of 10 and 25 pgfsarbon UFP, in a concentration-related manner. This decrease could
result from produced pulmonary capillary blood flow secondary to vasoconstriction.
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In summary, the respiratory effects of exposure to ambient PM are influenced by the inhaled dose
and airway distribution of the particles, which is determined both by particle characteristics and the
presence or absence of airway obstruction. Inhaled fine and ultrafine particles appear to induce
mild, possibly transient inflammatory responses. DEP appear to enhance the allergen response in
an animal model of allergic airway inflammation. There is both direct and indirect evidence that
inhalation of fine and UFP may affect the pulmonary vascular endothelium, leading to pulmonary
vasoconstriction. Alteration of pulmonary vascular function may have effects on cardiac preload,
with potential clinical consequences in patients with either pulmonary or cardiovascular disease.

5. Central Nervous System

EPA PM Center investigators have clearly demonstrated that inhalation of PM is associated with
extrapulmonary effects. As discussed elsewhere in this report, it is unclear whether circulating
mediators, such as cytokines, which originate in the lung, may elicit these extrapulmonary

responses or whether particles themselves leave the respiratory tract and produce the toxic effects
observed in other organs. While both mechanisms have merit, PM Center investigators have clearly
demonstrated that the ultrafine fraction of PM can translocate from the respiratory tract to
extrapulmonary tissues. In one study, animals were exposed to ultrafine eléfi@ptaticles and

isotope concentration was determined in lungs, cerebrum, cerebellum, and olfactory bulbs at 1, 3, 5,
and 7 days postexposure (59JC concentration in the olfactory bulb consistently increased from

day 1 through day 7 postexposure, but not in cerebrum and cerebellum. In a second study, rats were
exposed td*r-radiolabeled ultrafine iridium particles. Within the first week after exposure,

radiolabel was measurable in the liver, spleen, heart, and brain. The radiolabeled particles were
cleared from the body via excretion and the tissue concentrations decreased with time post-exposure
(3wk and 2 and 6 mo). Thus, the translocation of UFP from the respiratory tract could lead to
extra-pulmonary effects.

PM Center investigators have examined the effect of exposure to CAPs on the central nervous
system. UFP can be transported from the nasal mucosa to the brain via the olfactory bulb, and from
these there are transynaptic routes to CNS targets such as hypothalamus, substantia nigra, and
olfactory cortex (59, 60). Murine exposure to CAPs for 4 hr/day over a two-week time period
resulted in increased pro-inflammatory responses in the brain tissue (61). Significant increases in
NF-kB were observed in cortical tissue after exposure to concentrated UFP or fine + UFP. This
increase was accompanied by increasedd Biiid IL-1o levels in brain tissue and is compatible

with the role of this prescription factor in oxidative stress and inflammation. Veronesi and
colleagues have also observed a reaction in the brain tissue of Amide exposed to CAPs for 5
months (62). Dopamineric neurons were stained immunohistochemically and image analysis
demonstrated that neurons in the substantia nigra nucleus compacta portion of the brain were
significantly reduced in CAPs-exposed relative to air-exposed Apo E-/- control mice. This was
accompanied by significant increases (p < 0.05) in staining for astrocytes. Because these mice are
characterized by elevated levels of oxidative stress in the brain, these findings suggest that exposure
to ambient PM could contribute to neurodegeneration in susceptible individuals.
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Table

Table 1. Plausible M echanismsto Explain PM Adverse Health Effects
Local Inflammation — asthma, COPD, adjuvancy
»  Systemic inflammation (from lungs as well as circulation) 1 CRP, atherosclerosis, blood
coagubility
e Autonomic nervous system activity — Cardiac arrhythmias
« 1 clotting factors, | fibrinolytic activity — 1t blood coagulation- M, stroke
* 1 bonemarrow production of myeloid lineage cells — 1t WBC, including neutrophils, DC
* Endotoxin-mediated cellular responses & inflammation - airway & systemic inflammation
« Irritant-typereceptors (e.g., vanilloid receptors). airway hypereactivity, asthma
Covalent modification of intracellular enzymes, mitochondrial membrane -~ ROS generation,
cellular apoptosis
* Phagocytic particleoverload — | phagocytosis - 1 respiratory infections
» Freeoxygen Radicals and Oxidative Stress - Oxidative stress
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Figure 1: Hierarchical oxidative stress model in responseto PM exposure. At a lower level of
oxidative stress (tier 1), antioxidant enzymes are induced to restore cellular redox homeostasis. At
an intermediate level of oxidative stress (tier 2), activation of MAPK cascades induce pro-
inflammatory responses, e.g., cytokines and chemokines. At a high level of oxidative stress (tier 3),
perturbation of the mitochondrial permeability transition pore and disruption of electron transfer
result in cellular apoptosis or necrosis (adapted from 19).
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Figure 2: Mechanisms of particle-induced ROS generation, mitochondrial targeting and the
biological effects of oxidative stress. Sources of ROS production and their effects on cells.
Quinones can redox cycle to produce ROS in the endoplasmic reticulum under the catalytic
influence of NADPH-cytochrome P450 reductase. Phygocytosis can induce the assembly and
activation of NADPH oxidase to produce superoxide. PM can interfere in electron transduction in
the mitochondrial inner membrane as well as in the perturbation of the PT pore to generate ROS.
ROS leads to lipid peroxidation in the cell membrane can crosslink protein SH groups and induce
redox equilibrium through a depletion of GSH. Depending on the level of oxidative stress this could
induce Nrf2 release to the nucleus, activation of MAPK an&kRIsignaling cascades or

cytotoxicity, Nrf2 interaction with the ARE leads to the expression HO-1 and other phase I
enzymes at low level of oxidative stress, while MAPK andd®Fsignaling cascades lead to pro-
inflammatory responses (e.g., cytokine production) at higher levels of oxidative stress. At the
highest oxidative stress level, ROS can lead to opening of mitochondrial PT pore, followed by
cytochrome c release, caspase-3 activation and apoptosis or necrosis.
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