CHAPTER 7

TOXICOLOGY OF PARTICULATE MATTER IN
HUMANSAND LABORATORY ANIMALS



Table of Contents

Page
TOXICOLOGY OF PARTICULATE MATTER IN HUMANS AND
LABORATORY ANIMALS . oo oot e e e e e e e e e e e e 7-1
7.1 INTRODUGCTION . .ttt ittt et e e e e e e e e e e e e e e e e e eae e 7-1
7.1.1 Methodological Considerations . . .. ..., .. 7-2
7.1.2 Organization of theChapter . . ... ... ...ttt 7-6
7.2 CARDIOVASCULAR AND SYSTEMIC EFFECTSOF IN VIVO PM
EXPOSURES IN HUMANS AND L ABORATORY ANIMALS .. ........ 7-8
7.2.1 Introduction .. ...........ouuiiuii 7-8
7.2.2 Ambient Particulate Matter Cardiovascular Effects ............ 7-23
7.2.4 Summary of Cardiovascular/SystemicEffects . ............... 7-36
7.3 RESPIRATORY EFFECTS OF CONTROLLED IN VIVO PM
EXPOSURES OF HUMANS AND LABORATORY ANIMALS . ........ 7-38
7.3.1 Ambient Particulate Matter . ... ... ..ottt 7-39
7.3.1.1  Ambient Particles Inhalation Exposures . ........... 7-39
7.3.1.2 Intratracheal and Intrabronchial Instillation of
Ambient ParticulateMatter ...................... 7-45
7.3.2 ROFA and Other Combustion Source-Related Particles ..... ... 7-50
7.3.3 MEtAlS ... 7-61
734 ACIdAEIOSOIS vt 7-65
7.35 Diesel Particulate Matter . ... ... ...t 7-69
7351  Sdient Findingsfrom U.S. EPA 2002 Diesel
DOCUMENE .. 7-70
7.3.6 Ambient BIoaerosols . ... oo 7-78
7.3.7 Summary of Respiratory Effects . . ......................... 7-85
7.4 CARDIOVASCULAR AND RESPIRATORY PATHOPHY SIOLOGY
AND TOXICITY: INVITROPMEXPOSURES ..................... 7-86
7.4.1 INtrOdUCHION .. . e e e e e 7-86
7.4.2 Ambient ParticlesEffects ... ... ... .. . 7-97
743 Comparison of Ambient and Combustion Source-Related
PartiCles . ... 7-102
7.4.4 Potential Cellular and Molecular Mechanisms . . ............. 7-106
7.4.4.1 Reactive OXygen SPECIES . . ... oo 7-107
7.4.4.2 Intracellular Signaling Mechanisms . ............. 7-112
7.4.4.3  Particle Charge and Stimulation of Sensory
Nerve Receptors . . . .. ..o o oo oottt e e 7-117
7.4.4.4 Other Potential Cellular and Molecular
MEChaNISMS . . o ottt et e e e e e e et e e e 7-120
7.4.5 Specific Particle Size and Surface AreaEffects .............. 7-120




Table of Contents

(cont’d)
Page
FACTORS AFFECTING SUSCEPTIBILITY TO PARTICULATE
MATTER EXPOSURE EFFECTS . .. ...ttt e e e et e e e 7-126
751 Pulmonary Effects of Particulate Matter in
Compromised HOSES . . . .ottt ittt et et et e e e e eeas 7-126
75.2 Genetic Susceptibility to Inhaled Particles and
Their ConstitUeNtS . . ..t ittt ettt et e i e e i e, 7-132
7.5.3 Particulate Matter Effectson AllergicHosts . . . ... ... o .. .. 7-134
7.5.4 Resistanceto InfectiousDisease . ............... ..., 7-141
RESPONSES TO PARTICULATE MATTER AND GASEOUS
POLLUTANT MIXTURES . . . ottt e e e e e e e e e e e eee e 7-143
QUANTITATIVE COMPARISONS OF EXPERIMENTAL PM
EFFECTS ON CARDIOVASCULAR/RESPIRATORY ENDPOINTS
INHUMANSAND LABORATORY ANIMALS ... ... ... ... . .. ..., 7-153
7.7.1 INtrOdUCEION . . . v e et e e e e e e e e e e e e 7-153
7.71.1  Cardiovascular and Systemic Effects of Inhaled
Particulate Matter 7-153
7.7.1.2  Cardiovascular and Systemic Effects of Instilled
Particulate Matter . .. ... ..o 7-155

7.7.1.3 Respiratory Effects of Inhaled Particulate Matter . ... 7-157
7.2.1.4  Respiratory Effects of Instilled Particulate Matter ... 7-159
7.7.1.5 InVitro Effects of Particulate Matter on ng/Cell

DOSEBASIS . . . ettt e 7-161
7.7.2 I nterspecies Comparisons of Experimental Results . .......... 7-163
7.7.2.1 Introduction . . ..........ovviiiiiiiiin... 7-163
7.7.22  Dosimetric Intercomparison for PMN Influx asa
Marker for Lung Inflammation . ................. 7-165
1.7.2. [nhibition of Ph ' PM Ex 7-167
MUTAGENICITY/GENOTOXICITY EFFECTS
7.8.1 Ambient Particulate M Effects .. ..., 7-172
7.8.2 Wood and Coal Combustion-Source Effects . . . .. ............ 7-183
7821 BiomassWoodBurning .. ......... ..., 7-183
7822 Coal Cambustion 7-185
7.8.3 Mobile Combustion-SourceEffects ... .................... 7-187
7831 Diesal 7-187
7832 Gasoline 7-195

7.8.4 Summary of Mutagenic/Genotoxic Effects . . ................ 7-198




Table of Contents

(cont’d)
Page
INTERPRETIVE SUMMARY OF PM TOXICOLOGY FINDINGS ..... 7-201
791 Particulate Matter Health Effects and Potential Mechanisms
(o) -Ne: (o] s NN 7-202

7.9.1.2  Cardiovascular and Other Systemic Effects
Secondarytolunglnjury ...................... 7-206

79.1.3 Direct EffectsontheHeart ..................... 7-209
i/ ' Eff [ 701(
79.2 Links Between Specific Particulate Matter Components and

Health Effects . . . ..ottt ettt e e e e e e et e e e eee s 7-212
7921 Ambient Particle Studies 7-212
7922 Acid Aerosols 7-213
7.9.2.3 Metals 7-214
7924 Diesal Exhaust Particles 7-216
7.9.25 OrganicCompounds . . ............oowuuuuunun... 7-216
7926 Ultrafine Particles 7-217
7.9.2.7 Bioaerosols . ... 7-217
7.9.3 PM Interactions with Gaseous Co-Pollutants . . .............. 7-218
794 Susceptibility .« o oo 7-219
REFERENCES . .. ittt ittt et et et e et e e, 7-222




List of Tables

Number Page
7-1 Cardiovascular and Systemic Effects of Inhaled Ambient Particulate Matter . ... 7-15
7-2 Cardiovascular and Systemic Effects of Inhaled ROFA and Other

Combustion-Related Particulate Matter . .......... .. ... uiininnnnn... 7-17
7-3 Cardiovascular and Systemic Effects of Instilled ROFA and Other

Particulaie Matter . .. e 7-19
7-4 Respiratory Effects of Inhaled Ambient Particulate Matter in Controlled

Exposure Studies of Human Subjects and Laboratory Animals . .............. 7-40
7-5 Respiratory Effects of Instilled Ambient Particulate Matter in Laboratory

Animalsand HUmMan SUDJECES . . ...t 7-46
7-6 Respiratory Effects of Instilled ROFA and Other Combustion Source-Related

Particulate Matter in Healthy Laboratory Animals ... ...................... 7-51
7-7 Respiratory Effects of Inhaled and Instilled ROFA and Other Combustion

Source-Related Particul ate Matter in Compromised Laboratory

Animal Models . ... ... . 7-55
7-8 Respiratory Effects of Inhaled and Instilled Metal Particlesin Human

Subjectsand Laboratory Animals . ............. 7-63
7-9 Respiratory Effects of Acid Aerosolsin Humans and Laboratory Animals . . . . .. 7-67
7-10 In Vitro Effects of Ambient Particulate Matter and Particulate

Matter CoNStTUENTS . . .. ..ottt e e e e e e 7-87
7-11 In Vitro Effects of ROFA and Other Combustion-Source Particul ate

Matter CONSLTUBNES . . .. oot e e e 7-93
7-12 Numbers and Surface Areas of Monodisperse Particles of Unit Density of

Different Sizes at aMass Concentrationof 10 ug/m® ...................... 7-121
7-13 Respiratory and Cardiovascular Effects of PM and Gaseous

Pollutant MiXIUrES . . ... oo e e 7-144
7-14 CAPs. Rat and Human Inhalation Study Comparisons .................... 7-166




List of Tables

(cont’d)

Number Page
7-15 Interspecies Comparisons of Non-Effective and Effective Doses

(estimated as ng/cell) Producing No Change or Decreased

Phagocytosis by Human or Rodent Alveolar MacrophageCells ... .......... 7-170
7-16 M utagenic/Carcinogenic Effects of Ambient Particulate Matter ............. 7-173
7-17 M utagenic/Carcinogenic Effects of Wood and Coal

Combustion-SoUrceE PM . . ... o 7-175
7-18 M utageni c/Carcinogenic Effects of Mobile Combustion-SourcePM ......... 7-177

Vi



List of Figures

Number Page
7-1 Schematic illustration of hypothesized pathways/mechanisms potentially

underlying cardiovascular effectsof PM . .......... .. ... ... ... . 7-9
7-2 Simplified overview of blood coagulationsystem ......................... 7-12

vii



N -

© 00 N O o1 b~ W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

/. TOXICOLOGY OF PARTICULATE MATTERIN
HUMANSAND LABORATORY ANIMALS

7.1 INTRODUCTION
The 1997 U.S. PM NAAQS revisions (Federal Register, 1997) were based, in large part, on

new epidemiologic evidence showing associations between (a) ambient PM measured at
community monitoring stations and (b) increased risks for mortality and morbidity (especially
cardiorespiratory-related) among human populations exposed to contemporary U.S. ambient
concentrations. However, very little experimental toxicology data from controlled human or
laboratory animal exposure studies were available that provided more direct evidence supporting
the plausibility of the observed PM-mortality/morbidity associations being causal at the
relatively low ambient PM concentrations studied epidemiologicaly. The then-limited PM
toxicologic data was assessed in Chapter 11 of the 1996 PM Air Quality Criteria Document

or PM AQCD (U.S. Environmental Protection Agency, 1996a) that provided scientific
assessment inputs supporting the 1997 PM NAAQS decisions.

Since the 1996 PM AQCD, numerous hypotheses have been advanced and extensive new
toxicologic evidence generated with regard to possible pathophysiological mechanisms by
which PM exposures at ambient or near ambient concentrations might induce increased
morbidity and/or mortality. The extensive new PM toxicological research during the past five
years or so has focused mainly on addressing several interrelated questions, such as: (1) what
types of pathophysiological effects are exerted by ambient PM or constituent substances and
what are the potential mechanisms underlying them; (2) what PM characteristics (size, chemical
composition, etc.) cause or contribute to health effects; (3) what susceptible subgroups are at
increased risk for PM health effects and what factors contribute to increased susceptibility;

(4) what types of interactive effects of particles and gaseous co-pollutants have been
demonstrated; and (5) are there toxicol ogic findings on PM-related mutagenic/genotoxic effects
that support the plausibility of ambient PM-lung cancer rel ationships observed epidemiologically
in U.S. popul ations?
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7.1.1 Methodological Considerations

Various research approaches have been and continue to be used to address the above
guestions, including studies of human volunteers exposed to PM under controlled conditions;
in vivo studies of laboratory animals including nonhuman primates, dogs, and rodent species,
and in vitro studies of tissue, cellular, genetic, and biochemical systems. A wide variety of
exposure conditions have been employed, including: whole body, mouth-only, and nose-only
inhalation exposures to concentrated ambient particles (CAPs) or |aboratory-generated particles;
intratracheal, intrapulmonary, and intranasal instillation; and in vitro exposures to test materials
in solution or suspension. These research approaches have been targeted mainly to test
hypotheses to provide improved understanding of the role of PM in producing those types of
health effects identified by PM-related epidemiologic studies. Thus, many of the new
toxicological studies have been designed to address the question of biologic plausibility of
epidemiologically-demonstrated effects, rather than being explicitly aimed at providing
guantification of dose-response relationships for experimentally-induced toxic effects.

Reflecting this, most of the toxicology studies assessed here have generally used exposure
concentrations or doses that are relatively high compared to concentrations commonly observed
in ambient air. Animportant consideration contributing to the use of relatively high
experimental exposure concentrations is the fact that healthy animals have most typically been
used in many controlled-exposure toxicology studies, whereas epidemiol ogic findings often
reflect ambient pollutant effects on compromised humans (e.g., those with one or another
chronic disease) or other susceptible groups rendered at increased risk due to other factors.
Implicit in the use of relatively high concentrations in experimental studies of healthy subjectsis
the assumption that increasing the dose somehow makes up for compromised tissue/organ
functions that may contribute to observed ambient PM effects. However, this may not be the
case, unless the increased susceptibility of an “at risk” group is based on enhanced respiratory
tract PM deposition/retention per se. In light of this, there exists a great need for expanded
development and use of animal models that more closely mimic important characteristics
contributing to increased human susceptibility to ambient PM effects; and some notable progress
has been made in this regard, as reflected by the growing number of PM toxicologic studies of
compromised animal models published since the 1996 PM AQCD and assessed in this chapter.
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Given the relatively high concentrations used, much care should therefore be taken when
attempting to interpret and extrapol ate effects seen in these studies to provide insight into the
biological plausibility and mechanisms of action underlying effects seen in humans under “real
world” exposure conditions. Some of the responses might only be seen at the higher
concentrations more typical of occupational and experimental |aboratory exposures and not
necessarily at (usually much lower) ambient particle exposure concentrations. On the other
hand, differences between humans and rodents with regard to the inhal ability, deposition,
clearance, and retention profiles for PM (see Chapter 6 for details) could conceivably make
doses to some specific respiratory tract tissues from experimental exposures relatively similar to
doses resulting from human ambient exposures. To help place the toxicologically relevant
concentrations/doses into context in relation to ambient conditions, EPA has carried out some
illustrative dosimetric/extrapol ation modeling analyses to provide comparisons between the high
doses typically used in toxicological studies and doses typical of human exposures under
ambient conditions. Building upon advances in dosimetric modeling discussed in Chapter 6,
these analyses compare PM doses delivered to human or rat lung tissue from experimental
exposures and PM doses to the human lung from exposures during normal activities. These
analyses and their interpretation of results (described in Appendix 7-A) provide context for the
exposure concentrations used and results obtained in toxicological studies assessed here.

The effects of controlled exposures to ambient PM have been increasingly investigated
during recent years since the 1996 PM AQCD by use of particles collected from ambient
samplers (e.g., impactors, diffusion denuders, etc.) and, more recently, by the use of aerosol
concentrators (e.g., Sioutas et a., 1995a,b, 2000; Gordon et a., 1998; Chang et al., 2000, Kim
et al., 2000a,b). Inthefirst type of study, particles from ambient air samplers are first collected
on filters or other media, then stored, and later resuspended in an agueous medium for usein
inhalation, intratracheal instillation, or in vitro studies. Some ambient PM has been standardized
as areference material and compared to existing dust and soot standards, e.g., standard materials
from the National Institutes of Standards and Technology (NIST). Both ambient PM extracts
and concentrated ambient particles (CAPs) have been used to evaluate effects in healthy and
compromised laboratory animals and humans. Particle concentrators provide a technigue for
exposing animals or humans by inhalation to concentrated ambient particles (CAPs) at levels

higher than typical ambient PM concentrations.
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The development of particle concentrators has permitted the study of ambient real-world
particles under controlled conditions. This strength is offset somewhat by the inability of CAPs
studies to precisely control the mass concentration and day-to-day variability in ambient particle
composition, and they often lack detailed characterization of variations in chemical composition
from one CAPs exposure to another. Because the composition of concentrated ambient PM
varies across both time and location, a thorough physical-chemical characterization is necessary
to compare results between studies or even among exposures within studies in order to link
particle composition to effects. Another limitation that should be taken into account in
interpreting results from CAPs studies is the fact that concentrators in use at the time of many of
the studies could not efficiently concentrate ambient particles < 0.1 um. Thus, it islikely that a
large portion of potentially important combustion-generated particles (e.g, from diesel, gasoline
vehicle, wood smoke, coal smoke, etc.) were present only at ambient (not higher concentrated)
levelsin most or al of the CAPs studies assessed here.

Controlled human and laboratory animal exposures to particulate material obtained from
emission source bag house filters or other emission source collection devices have aso been
used extensively in recent years to evaluate the in vitro and in vivo respiratory toxicity of
complex combustion-related PM. Residua oil fly ash (ROFA) collected from large industrial
sources (e.g., oil-fired power plants) has been extensively used, and, to alesser extent, domestic
oil furnace ash (DOFA) or coal fly ash (CFA). The major disadvantage associated with the use
of such emission source materials derives from questions concerning the potential relevance of
results obtained for hel ping to understand and interpret ambient PM exposure effects. Thereis
little doubt that in years past, before the extensive implementation of air pollution controls,
ambient U.S. air contained mixtures of PM species analogous to those contained in many of the
emission-source samples used in toxicologic studies during the past decade or so. On the other
hand, it israre that high concentrations of certain materials that typify such samples would be
found or approached in ambient air PM samples obtained at community monitoring sitesin U.S,,
Canada, and much of Western Europe that provided the aerometric data collected during the past
20 to 30 ysthat were analyzed to estimate PM exposures in most of the PM epidemiology
studies assessed in this document. For example, very high concentrations of metals typify most
ROFA samples (especially extremely high nickel and vanadium levels), and experimental
exposures to such materials have generally resulted in exposures/doses that are orders of
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magnitude (100s) of times higher than would be associated with exposures to much lower levels
of such metalsin ambient PM measured routinely since the 1970s at community monitoring sites
across the U.S. (except perhaps at times very near some sources without modern emission

control devices or during temporary breakdowns of such). Thus, significant issues arise
concerning the extent to which ROFA or other high concentration emission source effects can be
extrapolated to aid in interpretation of ambient air PM exposure effects on humans.

Analogous issues arise in connection with evaluation of the toxicity of particulate material
obtained as emission products from mobile source combustion devices, e.g., diesel and gasoline
vehicle engines. The complex combustion-related mixtures in such mobile source emissions
include many different types of particles and gaseous compounds in high concentrations which
are not necessarily representative of ambient PM derived from such sources after passage
through particle traps, catalytic converters, exhaust pipes, etc. For example, ultrafine particles
emitted from gasoline and diesel engines are reduced in numbers and concentrations as they
agglomerate to form larger, accumulation-mode particles as they cool in passing through exhaust
systems and/or as they undergo further physical and chemical transformation asthey “age’ as
ambient air components. Further complicating evaluation of the toxicity of mobile source
emission componentsis: (1) the difficulty in separating out toxic effects attributable to particles
versus those of gaseous components in automotive exhausts; and (2) the changing nature of
those exhaust mixes as afunction of variations in engine operating mode (e.g., cold start versus
warm start or “light” versus “heavy” load operation, etc.) and changes in engine technology
(e.g., “old diesels’ versus “new diesels”).

Thein vivo studies discussed first and the in vitro studies discussed later have almost
exclusively used PM,, or PM, ¢ as particle size cutoffs for studying the adverse effects of
ambient PM. Collection of these size fractions has been made easier by widespread availability
of ambient sampling equipment for PM,, and PM, .. However, the study of other important size
fractions, such as the coarse fraction (PM,,, ) and PM, , has been largely ignored, and only
limited toxicology data are now available by which to assess effects of these potentially
important particle sizes. Similarly, although organic compounds often comprise 20 to 70% of
the dry fine particle mass of ambient PM (see Chapter 3), little research has addressed

mechanisms by which such compounds may contribute to ambient PM-related effects. One
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exception to this has been the evaluation of contributions of diverse organic compounds to

mutagenic, genotoxic, and carcinogenic effects discussed later in Section 7.8.

7.1.2 Organization of the Chapter

Ambient particulate matter as noted above, is comprised of myriad physical and chemical
species that can vary widely from one geographic location to another or even from one time to
another time at agiven location. It isnot surprising that only arelatively few ambient air mixes
from selected urban areas or subsets or combinations of the diverse variety of physical/chemical
species have been investigated in controlled human or laboratory animal studies. However,
afull discussion of all types of ambient particles that have been identified (see Chapter 2) is
beyond the scope of this chapter. Thus, specific criteria were used to select topics for
presentation. High priority was placed on studies that (a) may contribute to enhanced
understanding of ambient PM epidemiologic study results and/or (b) elucidate mechanisms of
health effects of ambient PM or its major common constituents. Diesel particulate matter (DPM)
generally fits the above criteria; however, because it is discussed in great detail in other
documents (Health Effects Ingtitute, 1995; U.S. Environmental Protection Agency, 2002), only
some aspects are discussed to alimited extent in this chapter. Individual particle species with
high inherent toxicity that are of concern mostly because of occupational exposure (e.g., silica)
that are discussed in detail in other documents and reports (e.g., U.S. Environmental Protection
Agency, 1996b; Gift and Faust, 1997 for silica) are also not assessed in detail in this chapter.

Because of the sparsity of toxicological data on ambient PM at the time of the 1996 PM
AQCD (U.S. Environmental Protection Agency, 1996a), the discussion of toxicologic effects
of PM was organized there into specific chemical components of ambient PM or “ surrogate”
particles (e.g., acid aerosols, metals, ultrafine particles, bioaerosols, “other particle matter”).
Many of the newer toxicological studies evaluate potential toxic effects of combustion-related
particles. The main reason for this extensive current interest in combustion particles is that these
particles, along with materials adsorbed to such particles and secondary aerosols formed from
them, are typically among the most dominant components represented in the fine fraction of
ambient air PM found in most U.S. urban aress.

This chapter is organized as follows. The cardiovascular and systemic effects of

in vivo PM exposure are discussed first in Section 7.2. Thisisfollowed by discussionin
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Section 7.3 of respiratory effects of ambient PM, specific components of ambient PM,
combustion source-related particle mixes, or other laboratory-generated particles delivered by
controlled in vivo exposures of humans or laboratory animals (note that the specific components
discussion includes summary points drawn from detailed discussion of ambient bioaerosols in
Appendix 7B). In vitro exposure studies are then next discussed (Section 7.4) and are valuable
in providing information on potential hazardous constituents and mechanisms of PM injury. The
next section (Section 7.5) focuses on studies of PM effects in laboratory animal models meant to
mimic human disease, as a means for providing information useful in characterizing factors
affecting susceptibility to PM cardiovascular and respiratory system effects. Section 7.6 then
assesses controlled-exposure studies evaluating health effects of mixtures of ambient PM or
specific PM constituents with gaseous pollutants. Section 7.7 discusses exposure/dose-effects
relationships for cardiovascular and respiratory effects and comparisons for illustrative health
endpoints of experimental exposures/data needed to produce similar effects across species (rats,
humans) and/or under ambient conditions (drawing upon extrapolation modeling results
presented in Appendix 7A). The following Section (7.8) discusses studies of PM-related
mutagenic/genotoxic effects thought to be useful in evaluating the relative carcinogenic potential
of ambient PM and its constituents, as well as particulate constituents in emissions from various
types of combustion sources. This organization provides the underlying information used for
interpretive summarization (in Section 7.9) of the extensive new findings discussed in the earlier
sections with regard to PM-related effects, all of which may individually contribute to and/or

combine through intricate linkages among them to mediate ambient PM exposure effects.
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7.2 CARDIOVASCULAR AND SYSTEMIC EFFECTSOF IN VIVO PM
EXPOSURESIN HUMANSAND LABORATORY ANIMALS

7.2.1 Introduction

A growing number of epidemiology studies are finding (a) associations between
ambient PM and increases in cardiac-related deaths and/or morbidity indicators and (b) that the
risk of PM-related cardiac effects may be as great or greater than those attributed to respiratory
causes (see Chapter 8). Both acute and chronic PM exposures have been implicated in the
observed cardiovascular morbidity and mortality effects. These effects appear to be induced via
direct particle uptake into the blood and/or via mediation by the nervous system. Figure 7-1
schematically illustrates hypothesized mechanisms thought to be involved in cardiovascul ar
responses to PM exposure. Such effects may be especially deleterious to individuals
compromised by disease states such as COPD, ischemic heart disease, and cardiac arrythmias.

As shown in Figure 7-1, the heart receives both parasympathetic and sympathetic inputs,
which serve to decrease or increase heart rate, respectively. Vasoconstriction, possibly due to
release of endothelin elicited by PM, could cause increased blood pressure (which is detected by
baroreceptors). Parasympathetic neural input may then be increased to the heart, lowering heart
oxygen-carrying capacity of the blood (which is sensed by aortic and carotid chemoreceptors).
These, in turn, may cause a sympathetic response, manifested by increased heart rate and
contractile force, thusincreasing cardiac output. This arrhythmogenesis and altered cardiac
output in either direction can be life-threatening to susceptible individuals. Pathophysiological
changesin cardiac function can be detected by electrocardiographic recordings, with certain
ECG parameters (e.g., heart rate variability or HRV) recently gaining widening use as indicators
of PM-induced cardiac effects.

Heart rate variability (HRV), a measure of the beat-to-beat change in heart rate, isa
reflection of the overall autonomic control of the heart. HRV has been used for many yearsas a
research tool to study cardiovascular physiology and pharmacology. Itsrole asaclinical
predictor of outcome for populations with heart disease has been extensively studied. HRV can
be divided into time and frequency measures. Frequency measures of variability are more
commonly used for mechanistic studies because they resolve parasympathetic and sympathetic
influences on the heart better than do time domain measurements. It has been well established

that the frequency analysis of heart rate variability is arobust method for measuring the
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Figure 7-1. Schematicillustration of hypothesized pathways/mechanisms potentially
underlying cardiovascular effects of PM.
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autonomic modulation of heart rate. Under certain circumstances, HRV provides insight into
sympathetic nervous activity, but more commonly it is a very good measurement of
parasympathetic modulation. For prognostication in heart disease, both the time and frequency
domain measures of heart rate variability seem equivalent in predicting events. Heart rate
variability can be used to judge the relative influences of sympathetic and parasympathetic
forces on the heart, as such short-term spectral parameters (i.e., measures averaged over five
minute intervals) can vary as much as 4-fold during the course of a 1-h period (Kleiger et al.,
1991). Despite the inherent variability of short-term HRV measures during routine daily
activity, long-term measures (i.e., measures averaged over 24 hs) show excellent day-to-day
reproducibility. Given thisinherent variability in the minute-to-minute spectral measurements,
great careisrequired in the experimental design of studies utilizing HRV techniques and
interpretation of HRV results. When appropriately designed and carefully interpreted, studies
utilizing measures of HRV provide insight into the relationship between the perturbation of the
internal or external environment and subsequent changes in the modulation of autonomic neural
input to the heart.

Heart rate variability has been studied in multiple settings, using different parameters (both
time and frequency domain) to determine prognosisin populations. This has been studied most
frequently in coronary artery disease populations, particularly in the post-myocardial infarction
(post-M1) population. Most reports have dichotomized the study group by HRV parameters and
then compared outcomes. To summarize those results, lower time domain as well as frequency
domain variables are associated with an increase in cardiac and all-cause mortality. Those
variables most closely correlated with parasympathetic tone appear to have the strongest
predictive value in heart disease populations. Specifically, acute changes in RR-variability
temporally precede and are predictive of increased long-term risk for the occurrence of ischemic
sudden death and/or precipitating ventricular arrhythmias in individuals with established heart
disease (see for example LaRovere et a., 2003). However, acute changesin HRV parameters
do not necessarily occur immediately prior to sudden fatal ventricular arrhythmias (Waxman
et a., 1994). The heart rate variability itself is not the causative agent nor hasit been implied to
be a causative agent in any of the studies performed to date. Altered HRV, including changesin
HRV associated with exposure to PM, is simply a marker for enhanced risk.
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Another route by which PM could exert deleterious cardiovascul ar effects may involve
ambient PM effects on blood chemistry. In particular, as hypothesized by Seaton et a.
(1995), PM exposure could affect blood coagulation, possibly through endothelial injury that
resultsin platelet activation. Thisthen could initiate a cascade of effects, e.g., increased
fibrinogen and fibrin formation, leading to increased formation of clots. Figure 7-2 (from
Nadzigko, et al. 2002) nicely illustrates physiological events (and applicable timeframes)
involved in the blood clotting cascade, as well as denoting important substances released at
successive steps which, in turn, stimulate the next step in the clotting cascade and, ultimately,
trigger clot lysing events that normally terminate the cascade. Various studies have measured
such substances as a means to evaluate possible PM-induced effects on blood coagul ation.
Another significant effect of PM exposure could be vascular inflammation, which induces
release of C-reactive proteins and cytokines. These cause further inflammatory responses that,
on achronic basis, can lead to atherosclerosis. In narrowed coronary arteries, the clots formed in
the aforementioned cascade may block blood flow, resulting in acute myocardial infarction.

Nadzigjko et a. (2002) further note that small prothrombotic changes in blood coagulation
parameters in alarge population can have substantial effects on the incidence and prevalence of
cardiovascular disease events (Di Minno and Mancini, 1990; Braunwald, 1997; Lowe et a.,
1997). In particular, altered coagulation can increase heart attack risk through formation of clots
on atherosclerotic plagues in coronary arteries that cut off blood supply to the myocardium or
induce ischemic strokes via clots forming or lodging in the carotid arteries and blocking blood
flow to cerebral arteries and brain tissue. Also, Nadzigjko et al. note that (a) evidence exists for
formation of small thrombi being common in persons with atherosclerosis (Meade et al., 1993)
and (b) whether such thrombi lead to more serious effects (heart attack, stroke) depends in part
on the bal ance between thrombogenic factors underlying blood clot formation and fibrinolytic
factorsthat lyse clots. Also, they note that effects of small changes in coagulation on heart
attack risk are reflected by the risk of sudden cardiac death being 70% higher between 6 am. and
9 am. than the average risk for the rest of the day (Willich, et al., 1987), likely due in part to the
circadian rhythm of fibrinolytic factors that are at their lowest levelsin the early morning
(Andrews et a., 1996). Also, as stated by Nadzigjko et al. (2002), sympathetic nervous system
activity isincreased by standing up after lying prone (Tofler, et a., 1987; Andrews et a., 1996),
and increased sympathetic activity causes prothrombotic changes in blood coagulation
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parameters such that even small, homeostatic modulations of coagulation within a normal range

could translate into significant increased risk for heart attack.

Endothelial Injury

v

Platelet Activation

v

Binding of fibrinogen by platelets and formation of platelet plug

v

Fibrinogen ——— 3 Fibrin

Factor VII

Seconds

Minutes
Reinforcement of the thrombus by fibrin strands

Downregulation of coagulation and initiation of clot lysis

Thrombin- Tissue Plasminogen Activator Hours
Antithrombin

Complex /

Plasminogen Activator Inhibitor
Event Time Frame

Figure7-2. Simplified overview of blood coagulation system. The coagulation parameters
often measured in the study of PM effects on blood coagulation are indicated
by bold type. Therelations of these selected parameterswith therest of the
coagulation system are outlined.

Source: Nadzigjko et al. (2002).

Thus, potentially dangerous aterations in cardiovascular functions due to PM exposures

could be signaled by even small PM-related (a) changes in blood coagulation cascade indicators,

e.g., increased blood platelet, fibrinogen, or Factor V11, or decreased tissue plasma activator

(TPA) levels; (b) increased C-reactive protein, or cytokines contributing to increased
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atherosclerosis plague formation and/or blood coagulation; ¢) increased blood pressure; and/or
(d) certain alterationsin heart rate, heart rate variability, or other ECG indicators indicative of
deleterious shifts in parasympatheti c/sympathetic neural inputs to the heart or other underlying
cardiac pathophysiology.

Another cardiovascular-related effect of PM exposure could be plasma extravasation from
post-capillary venules. The mechanisms by which this occurs are thought to include the release
of peptides such as neurokinin A, substance P, and calcitonin-gene-related peptide from
unmyelinated sensory nerves, near to or on the blood vessels. These peptides bind to receptors
on the endothelial cells of vessels and create gaps, allowing leakage of plasma, which is one
component of neurogenic inflammation (Piedimonte et al., 1992; Baluk et a., 1992).

There were few studies assessed in the 1996 PM AQCD that evaluated cardiovascular
system effects of exposures to particulate matter. Since 1996, numerous studies have now
become available that evaluated cardiovascular effects of exposures (viainhalation or
instillation) of ambient PM, constituent components, complex mixtures from PM emission
sources and/or exposures to single PM substances or binary/ternary combinations of particles of
varying chemical composition. Also, whereas earlier studies tended to focus on healthy animals,
more recent studies have, in addition, begun to focus on evaluation of PM effects in animal
models of disease states thought to mimic aspects of pathophysiologic states experienced by
compromised humans at increased risk for PM effects.

The toxicological consequences of inhaled particles on the cardiovascular system had not
been extensively investigated prior to 1996. Since then, Costa and colleagues (e.g., Costa and
Dreher, 1997) have demonstrated that intratracheal instillation of high levels of ambient particles
can increase or accelerate death in an animal model of cardiorespiratory disease induced by
monocrotaline (MCT) administration in rats. These deaths did not occur with all types of
ambient particles tested. Some dusts, such as volcanic ash from Mount Saint Helens, were
relatively inert; whereas other ambient dusts, including those from urban sites, were toxic.
These early observations suggested that particle composition plays an important rolein the
adverse health effects associated with episodic exposure to ambient PM, despite an apparent
“general particle” effect that seemed to be implied by somewhat similar epidemiologic
observations of ambient PM exposure associations with increased mortality and morbidity in
many regions of the United States with varying particle composition. Studies evaluating
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possible increased susceptibility to the adverse effects of PM in compromised animal models of
human pathophysiology provide a potentially important link to epidemiol ogic observations and
are among those discussed below.

Muggenburg et al. (2000a) has described several potential animal models of cardiac
disease (MCT-induced pulmonary hypertension, dilated cardiomyopathy, viral and mycoplasmal
myocarditis, and ischemic heart disease) and discussed advantages and disadvantages associated
with the use of animal models to study cardiac disease and air pollution. Pulmonary
hypertension in humans may result from airway and vascular effects due to COPD, asthma, and
cystic fibrosis. The MCT-induced vascular disease model exhibits common features of COPD in
humans. Theinjury effectsinclude selective pulmonary endothelial damage and progressive
pulmonary arterial muscularization. Pulmonary hypertension develops, the blood flow is
impeded, and compensatory right ventricular hypertrophy occurs. To produce pulmonary
hypertension, animals are injected subcutaneously with 50-60 mg/kg monocrotaline (MCT).
Within 2 wks following treatment, experimental animals, primarily rats, develop pulmonary
hypertension (Kodavanti et al., 1998a). A growing number of studies have used extracts of
collected/stored ambient PM or real-time generated concentrated ambient particles (CAPS)
drawn from various airsheds (e.g., Boston, New Y ork City, etc.) to evaluate cardiovascular and
other systemic effects of PM. Many other new animal studies have also used metal-laden ROFA
as one type of combustion source particle mix and others have used other combustion source
materias, e.g., domestic oil fly ash (DOFA), coal fly ash (CFA), or diesel exhaust (DE). The
following discussion of the cardiovascular/systemic effects of PM first focuses mainly on the
ambient PM studies and then discusses findings from the studies using ROFA and other types of
particles.

Tables 7-1 and 7-2 summarize newly-available studies (since the 1996 PM AQCD) that
evaluated cardiovascular effects of ambient PM mixtures or other types of PM in response to
controlled inhalation exposures of humans or laboratory animals; and intratracheal instillation
studies are summarized in Table 7-3. In vitro exposure studies of cardiovascular effects are
discussed in Section 7.4.
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TABLE 7-1. CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INHALED AMBIENT PARTICULATE MATTER

1
Species, Gender,

Exposure

Strain Age, or Exposure Mass Duration, PE®
Body Weight Particle? Technique Concentration Particle Size Timeto Analysis Cardiovascular Effects Reference
Humans, healthy CAPs Inhalation 23.1to 0.65 um 2 h, andysis Increased blood fibrinogen with CAPs Ghioet al.
nonsmokers, (Chapel Hill) 311.1 pg/m? 0,=235 at 18 h exposure. PM concentration in chamber varied (2000a)
18-40y old with ambient air PM level. Estimated total dose
n=38 of 1200 pg.
Humans, healthy CAPs Inhalation 2410 0.1-25pum Trend toward increased fibrinogen levels 2 h Petrovic et al.
18-40y old (Toronto) (face mask) 124 pg/mé post high CAPs (124 pug/m®) exposure, but stat. (2000)
n=4 sig. not specified. Also, no sig. ECG Holter

effects.
Humans, healthy; CAPs Inhalation 148to PM, 2h No significant changesin in arterial O, saturation ~ Gong et a.
19-41y old (Los 246 ugim® or Holter ECGs observed, nor in lung functionor ~ (2000)
n=4 Angeles) symptoms. The maximum steady state fine

particle concentration in the breathing zone was

typically seven times the ambient concentration.
Humans, healthy CAPs Inhalation 99-224 pug/md 80%0.1to 2 hwith CAPs-related decrease in Factor V11 blood Gong et al.
(n=12) and (Los whole body (mean 174) 25um alternating levels, - but no significant changesin blood (2003)
asthmatic(n=12)  Angeles) chamber exercise/rest. fibrinogen or serum amyloid A with CAPs. Both
18-45y ald, Analysisat 0, healthy and asthmatic subjects had modest
nonsmoking 4, and 22 h PE. increasesin HR variability and significant

increasesin HR during exercise. Some reported

cardiac symptoms (faintness, dizziness, pain

related to heart, etc) during CAPs exposure.
Dogs, female CAPs Inhalationvia  3-360 ug/m® 0.2t0 0.3 um 6 h/day for Peripheral blood parameters were related to Clarkeet d.
mongrel, (Boston) tracheostomy 3 days specific particle constituents. Factor analysis (2000a)
14t0 17 kg from paired and crossover experiments showed

that hematol ogic changes were not associated

with increasesin total CAP mass concentration.
Dogs, mongrel; CAPs Inhalationvia  ~100-1000 pg/m?® 0.23to 6 h/day for Decreased heart and respiratory rate and Godleski et al.
Balloon-occluded (Boston) tracheostomy 0.34 um 3 days increased lavage fluid neutrophilsin normal (2000)
LAD coronary 0,=02t029 dogs. Decreased timeto ST segment elevation
artery in some, and increased magnitude in compromised
n=14 dogs. PM concentration varied depending on

ambient PM level and concentrator operation.
No dose-response relationship evident.
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TABLE 7-1 (cont'd). CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INHALED AMBIENT
PARTICULATE MATTER

Species, Gender, Exposure
Strain Age, or Exposure Mass Duration, PE®
Body Weight Particle? Technique Concentration Particle Size Timeto Analysis Cardiovascular Effects Reference
Rats CAPs Inhalation 110-350 pg/m? N/A 3h Small but consistent increase in HR; increased Gordon et al.
(Tuxedo, (nose-only) periphera blood neutrophils and decreased (1998)
NY) lymphocytes. No pulmonary injury found.
Concentration to chamber varied from 132 to
199 pg/mé.
Rats, male, CAPs Inhalation 132-919 pg/m® 0.2-1.2 ym Single3 hor No increasein cardiac arrhythmias; Gordon et al.
F-344, (Manhattan) 0,=0.2-39 3daily6h inconsistent PM-associated increasesin HR, (2000)
MCT-treated exposures blood cell differential counts, and atrial
conduction time of rats. No adverse cardiac
Hamsters, or pulmonary effectsin hamsters.
6-8 mo old;
Bio TO-2
Rats, male, F344, CAPs Inhalation 95-341 pug/m? <25pum 0,12,and 24 h No consistent exposure-related effectson platelet  Nadziejko
250-275 g (NYC) (nose-only) count fibrinogen level, factor VII activity, et a. (2002)
thrombin-anti-thrombin complex, tissue
plasminogen activator, or plasminogen activator
inhibitor.
Rats, Wistar Ott ambient Inhalation 48 mg/m® 36, 56, 80, 4h, Analysesat 2, EHC-93 elevated blood pressure on day 2, ET-1 Vincent et al.
(EHC-93) (nose only) 100, and 32, 36,48 h PE levelsat 32 h, and ET-3 levelsat 2, 32, and 48 h (2001)
(ECH-93L) 49 mg/m? 300 pm postexposure. EHC-93 L had no effect on blood
Diesel soot pressure, transient effect on ET-1, -2, -3 levels at
(DPM) 5 mg/m® 2 h but not 32 h postexposure. DPM had no
Carbon black effect on blood pressure, but elevated ET-3
(CB) 5 mg/m? levelsat 36 h PE. CB had no effect.
Humans, male, PM,, from Inhalation ~125 pg/m?® (range N/A 4 wks, analysis at Band cell counts were significantly increased Tan et a. (2000)
healthy, age SE. Asian =47 to 216) 3 and 5wks PE during the haze period
19-24y Smoke Haze

#CAPs = concentrated ambient particles
UAP = urban ambient partciles
DPM = diesel particulate matter
Ott ambient = resuspended UAP from Ottawa, CA

® PE = postexposure
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TABLE 7-2. CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INHALED ROFA AND OTHER COMBUSTION-
RELATED PARTICULATE MATTER

Species, Gender, Exposure
Strain Age, or Exposure Mass Duration, PE®
Body Weight Particle? Technique Concentration Particle Size Timeto Analysis Cardiovascular Effects Reference
Dogs, beagles, ROFA Oral 3 mg/m? 2.22 ym 3 h/day for No consistent changes in ST segment, the form Muggenburg
10.5-y- old, (Boston) inhalation MMAD 3 days or amplitude of the T wave, or arrhythmias; et al. (2000b)
healthy, n=4 0,=271 slight bradycardia during exposure.
Rats, S-D, ROFA Inhalation 580 + 110 pg/m® 2.06 pm 6 h/day for 3days  Increased expression of the proinflammatory Killingsworth
MCT-treated, (Boston) MMAD chemokine MP-2 in the lung and heart of et a. (1997)
2509 0,=157 MCT-treated rats; lessin healthy rats.

Significant mortality only in MCT-treated rats.
Rats, S-D, SHrats, ROFA Inhalation 15 mg/m® 1.95 um 6 h/day for 3days  Pulmonary hypertensive (MCT-treated S-D) and ~ Watkinson et a.
WKY rats, healthy  (location not MMAD systemically hypertensive (SH) rats exposed to (2000a,b)
and MCT-treated given) ROFA by inhalation showed similar effects, but

of diminished amplitude. There were no

lethalities by the inhalation route.
Rats, male WKY ROFA Nose-only 15 mg/m? N/A 6 h/day for 3days  Cardiomyopathy and monocytic cell infiltration, Kodavanti et al.
and SH, 12to (Florida) inhalation along with increased cytokine expression, was (2000a)
13-wk-old found in left ventricle of SH rats because of

underlying cardiovascular disease. ECG showed

exacerbated ST segment depression caused by

ROFA.
Rats, male, SH ROFA Inhalation 15 mg/m? 1.5pum 6 h/d, 3 diwk for One week exposure increased plasma fibrinogen Kodavanti et al.
and WKY; 12to (Boston) 0,=15 1,2, or 4wk in SH rats only; longer (2 or 4 wk) exposure (20023)
13 wksold caused pulmonary injury but no changesin

fibrinogen.
Rats, male, S-D, ROFA Inhalation 2, 5,10 mg/m® 6 h/d for 4 consec.  No cardiovascular effects seein SD or SH rats Kodavanti et al.
WKY and SH (Boston) (nose only) days with acute or chronic exposure. Cardiac lesions (2003)

10 mg/m? 6 h/d (active chronic inflammatory, multifocal
1 d/wk, myocardial degeneration, fibrosis, decreasesin
4 or 16 wks number of granulated mast cells) seen for WKY

rats with chronic (16 wk) exposures.
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TABLE 7-2 (cont’d). CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INHALED ROFA AND OTHER

COMBUSTION-RELATED PARTICULATE MATTER

Species, Gender, Exposure
Strain Age, or Exposure Mass Duration, PE®
Body Weight Particle? Technique Concentration Particle Size Timeto Analysis Cardiovascular Effects Reference
Rats, male, S-D, ROFA Inhalation 3 mg/m? 1.81um 1h In MI group, with thermocoagulation of left Wellenius et al.
healthy and Ml (Boston) coronary artery, 41% of rats had one or more (2002)
Carbon black 0.95pm premature ventricular complexes (PVCs).
ROFA but not CB or room air, increased
arrhythmia frequency in those with PV Cs and
decreased heart rate variability.
Human, healthy, Ultrafine Mouthpiece 10 pg/md <100 nm 2 h exposure; No effects on blood coagulability, circulating Frampton (2001)
non-smoking carbon exposure assessment before  leukocyte activation, leukocyte expression of
males particles and immediately, activation and adhesion molecules.
35h,and21h
after exposure
Rats, SD,60days VSO, Inhalation 0.3-2.4 mg/m? N/A 6h/day x 4 days No effectswith V at all doses. Ni caused Campenet al.
old NiSO, delayed bradycardia, hypothermiaand (2001)
arrhythmogenesis at >1.2 mg/m®. V+Ni
produced delayed effects at 0.5 mg/m® and
potentiated responses at 1.3 mg/m®, suggesting
synergism of effect.
Rats, SH DE Whole body 30,100, 300, or 90% < 1 um 6 hday, 7day/wk  Elevated daytime HR; concentration-dependent Campen et al.
1000 pg/m® for 1 wk prolongation of PQ interval. (2003)
Rats, DE Whole body 50,100, 300, or 90% < 1 um 6 hday, 7 day/wk, Blood cholesterol decreased at high dose; Reed et a.
male & female 1000 pg/m® 1 wk or 6 mos Gamma-glutamy! transpeptidase increased at (2004)
10-12 wks 1000; Factor V1| decreased in males at 1 wk and

in both genders at 6 mos at 1000. TAT
decreased in M at 1000 at 1 wk.

?ROFA = Residud oil fly ash
NiSO, = Nickel sulfate
Fe,(SO,), = Iron sulfate

DE = dieseal exhaust

VSO, = Vanadium sulfate

MCT = monocrotaline

MI = Myocardial infarction

®PE = Post Exposure



00¢ aung

61-L

311040 310Nn0O 1ON Od-14vdd

TABLE 7-3. CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INSTILLED ROFA AND OTHER

PARTICULATE MATTER

Species, Gender,

Strain Age, or Exposure PE® Time
Body Weight Particle? Technique Dose Particle Size to Analysis Cardiovascular Effects Reference
Rats, male, S-D, ROFA Intratracheal Total mass: EmissionPM:  Anaysisat ROFA aone induced some mild arrhythmias; Costa and Dreher
60 days old, healthy DOFA instillation 2.5 mg/rat 1.78-417uym 24and96 h MCT-ROFA showed enhanced neutrophilic (1997)
and MCT-treated CFA following inflammation.
ingtillation

Ambient PM Tota transition Ambient PM: MCT-ROFA animals showed more numerous

(St. Louis metal: 46 pglrat 3.27-4.09 um and severe arrhythmias including S-T segment

Dusseldorf, inversions and A-V block.

Ottawa,

Wash. DC)
Rats, male, S-D, ROFA Intratracheal 0.0, 0.25, 1.0, 1.95 um Analysis at Dose-related hypothermia and bradycardiain Campen et al.
60 days old, healthy (location not ingtillation and 2.5 mg/rat 96 h healthy rats, potentiated by compromised (2000)
and MCT-treated, given) postexposure models at 2.5 mg dose.
n=64
Rats, male, Fe,(SO,); Intratracheal 105 ug Analysis at V caused bradycardia, arrhythmogenesis and Campen et al.
SD, 60 daysold, NiSO, instillation 263 pg 96 h hypothermiaimmediately. Ni caused delayed (2002)
healthy and VSO, 245 ug postexposure bradycardia, arrhythmogenesis and
MCT-treated hypothermia. Fe had little effect.
MCT-treated Fe,(SO,), 105 ug Ni exacerbated the immediate effects of V.

+VSO, 245 ug Fe attenuated them.

Fey(S0,), + 105 pg

NiSO, 263 ug

NiSO, + VSO, 263 ug

245 g

VSO, +

Fe,(SO,); + 245 g

NiSO, 105 ug

263 g

Rats, male, S-D; ROFA (Florida)  Intratracheal 0.3,1.7, or 1.95pum Analysis at Increased plasma fibrinogen only at 8.3 mg/kg Gardner et al.
60 days old MSH Val. Ash instillation 8.3 mg/kg 0,=219 24h ROFA. (2000)
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TABLE 7-3 (cont’d). CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INSTILLED ROFA AND OTHER
PARTICULATE MATTER

Species, Gender,

Strain Age, or Exposure PE® Time
Body Weight Particle? Technique Dose Particle Size to Analysis Cardiovascular Effects Reference
Rats, male, SD, ROFA (Boston)  Intratracheal 0.83,3.30r <3.0um Anaylsis at Dose-dependent increase in BAL protein, LDH,  Kodavanti et al.
60 days old classified by instillation 8.3 mg/kg MADD 24h hemoglobin and NAG activity (only high dose (19983)
soluble metals postexposure data shown). ROFA containing highest
(As, Be, Cd, concentration of water-leachable Fe, V, and Ni
Co, Cr, Cu, Fe, or V and Ni caused largest increase. ROFA
Mn, Ni, Pb, V, with highest V' content induced greatest
Zn, and sulfate) increasein BAL neutrophils. AM
chemiluminescence was greatest with ROFA
containing primarily soluble V and less with
Ni + V.
Rats, male, S-D, ROFA Intratracheal 0.25,1.0, or 1.95 pm Monitored for Dose-related increases in incidence and Watkinson
MCT-treated (Florida) instillation 25mgin MMAD 96 h after duration of serious arrhythmic eventsinnormal et al. (1998)
0.3mL saline 0,=219 instillation of rats. Incidence and severity of arrythmias
ROFA increased greatly in MCT rats. Changes
particles occurred at all doses ranging from modest
effects at the lowest to more serious
disturbances at the higher doses. Deaths seen at
each ingtillation level in MCT rats only
(6/12 died after MCT + ROFA).
Rat, SD, 60 d old; ROFA (Florida)  Intratracheal 0.83 or 1.95 um Anaysis at Increasesin BAL markers of lung injury and Kodavanti et al.
250-300 g healthy or instillation 3.33 mg/kg MMAD, 24and 96 h inflammation; 58% of MCT rats exposed to (1999)
MCT-treated 0,=219 postexposure ROFA died by 96 h regardless of the dose.
Rats, male SH and ROFA Intratracheal 1and 5 mg/kg 1.5um Analysisat 1, ROFA increased plasma fibrinogen and Kodavanti
WKY:; 12-13 wk old (Boston) instillation 0,=15 2, and 4 days decreased peripheral lymphocytesin both SH et a. (2002)
and WKY rats at 5.0 mg/kg dose.
(1) Rats, S-D hedthy ROFA Intratracheal 0.0, 0.25, 1.0, 1.95 um Monitored for (1) Healthy rats exposed IT to ROFA Watkinson et al.
and MCT, (location not ingtillation or 2.5 mg/rat 0,=219 96 h after demonstrated dose-related hypothermia, (2000a,b);
cold-stressed, and given) instillation bradycardia, and increased arrhythmias at Watkinson et al.
ozone-treated 2.5mg dose. Similar response pattern seen at (2001)

0.25 and 1.0 mg, but reduced in magnitude and
duration. Compromised rats showed
exaggerated hypothermia and cardiac responses
to IT ROFA at all doses. Mortality was seen
only in the MCT-treated rats exposed to ROFA
by IT.
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TABLE 7-3 (cont’d). CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INSTILLED ROFA AND OTHER
PARTICULATE MATTER

Species, Gender,

Strain Age, or Exposure PE® Time
Body Weight Particle? Technique Dose Particle Size to Analysis Cardiovascular Effects Reference
(2) Rats, SH, oTT Intratracheal 25mg (2) Older ratsexposed IT to OTT showed Watkinson et al.
15-mo-old ROFA instillation 0.5mg a pronounced biphasic hypothermiaand a (2000a,b);
MSH 25mg severe drop in HR accompanied by increased
arrhythmias. Exposure to ROFA caused less Watkinson et al.
pronounced, but similar effects. No cardiac (2001)
effects seen with MSH exposure.
(3) Rats, SD Fe,(SO,), Intratracheal 105 pg (3) NiandV showed the greatest toxicity;
MCT-treated VSO, instillation 245 ug Fe-exposed rats did not differ from controls.
NiSO, 262.5 ug
Rats, Wistar, male, Ottawa EHC-93  Instillation 0.5, 1.50r 0.5um Analysis at At high doses, 20% increase in plasma Ulrich et a.
200-250g, 5mg/ratin 2,4, or 7 days fibrinogen at 2 days PE correlated with (2002)
healthy and ozone- 0.3mL saline after exposure  increasesin ET-1 and iNOS mRNA and
treated decreasein ACE.
Rabbits, female, OTT PM,, Intrapharyngeal  5mg/dose 4-5 ym mass 5mgtwicelwk  PM,, increased circulating band cells and Mukae et al.
New Zeaand, (EHC-93) instillation median for 3wk shortened transit time of PMN through (2001)
2.2t03.0kg diameter postmitotic pool in marrow. Increased bone
marrow pool of PNM, esp. in mitotic pool.
Rabbits, female, OTT PM,, Intrapharyngeal  5mgin 1 mL 0.8+ 0.4 um 5mg 2 times Increased circulating PMN band cell countsand  Suwaet a. (2002)
Watanabe heritable (EHC-93) instillation saline per wk for size of bone marrow mitotic pools of PMNs.
hyperlipidemic 4 wks Progression of atherosclerotic lesions. Increase
3.2+0,1kg in plague cell turnover, extracellular lipid pools,
and total lipidsin aortic lesions.
Rabbits, female, Colloidal Ingtillation 2mL of 1% <lpum Examined at Colloidal carbon stimulated the release of Terashima
New Zealand White, carbon colloidal carbon 2410192 h BRDU-labeled PMNs from bone marrow. The et al. (1997)
1.8t02.4kg (20 mg) after supernatant of alveolar macrophages treated
instillation with colloidal carbon in vitro also stimulated

release of PMNs from bone marrow, likely via
cytokines.
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TABLE 7-3 (cont’d). CARDIOVASCULAR AND SYSTEMIC EFFECTSOF INSTILLED ROFA AND OTHER
PARTICULATE MATTER

Species, Gender,

Strain Age, or Exposure PE® Time
Body Weight Particle? Technique Dose Particle Size to Analysis Cardiovascular Effects Reference
Hamsters, polystyrene Intravenous (1V) 5, 500, 60 nm 1V doses of 5,500 or 5,000 pg/kg b.wt. of Nemmar et al.
100-150 g particles administration 5000 pg/kg unmodified polystyrene particles did not (20023)
(unmodified) and intratracheal affect thrombus formation.
ingtillation
carboxylate- 50, 100, 1V doses of 100 gn_d 500 pg/kg b.wt. _
modified 500 pg/kg carboxylate-modified polystyrene part'|c|$
decreased (p < 0.05) thrombus formation
polystyrene : 3
intensity.
amine- 5, 50, 500 pgrkg IV doses of 100 and 500 pg/kg b.wt. of
modified amine-polystyrene particlesincreased
polystyrene thrombus formation (p < 0.01).

Intratracheal instillation of 5,000 pg/kg of
amine-polystyrene particles significantly
(p < 0.05) increased thrombus formation
but not 5,000 pg/kg of unmodified- or
carboxylate-polystyrene particles.

Platel et aggregation (ADP-induced in vitro)
was not affected by unmodified-
polystyrene up to 100 pg/mL; and was
strongly increased by amine-polystyrene
particles.

Authors attributed observed prothrombic
activity of ultrafine paticles, at least, in
part, to platelet activation by positively
charged amine-modified polystyrene
particles.

*ROFA = Residud oil fly ash
Fe,(SO,), = Iron sulfate

VSO, = Vanadium sulfate NiSO, = Nickel sulfate

CFA =Coal fly ash
DOFA = Domestic oil burning furnace fly ash

OTT = Ottawa urban ambient particles
MSH = Mt. St. Helen’ s volcanic ash

®PE = Post Exposure
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7.2.2 Ambient Particulate Matter Cardiovascular Effects

The results of epidemiology studies discussed in Chapter 8 suggest that homeostatic
changes in the vascular system can occur after episodic exposure to ambient PM. However, very
few controlled human exposure studies of ambient PM effects on cardiovascular endpoints have
been conducted thus far. 1n one such study, Ghio et al. (2000a) reported that inhalation of
concentrated ambient particles (CAPs) in healthy nonsmokers increased blood fibrinogen levels.
They exposed 38 volunteers exercising intermittently at moderate levels of exertion for 2 h to
either filtered air (FA) or particles concentrated from the air in Chapel Hill, NC. The CAP
exposure concentrations ranged from 23 to 311 pg/m?, reflecting variationsin particles collected
outside the facility. At all exposure levels, CAPs-exposed subjects had significantly more blood
fibrinogen than FA-exposed subjects; however, differences between pre- and post-CAPs
exposure fibrinogen levels at 18 h postexposure were not significant. Other blood parameters
tested in this study (including numbers of RBCs, monocytes, lymphocytes, platelets, or
neutrophils) did not change significantly. The observed effects in blood may be associated with
mild pulmonary inflammation also found 18 h after exposure to such CAPs (see Section 7.2.3).

Two other human inhalation studies with CAPs are limited by the small numbers of
subjects studied. In one, Petrovic et a. (2000) exposed four healthy volunteers (aged 18 to 40)
under resting conditions to filtered air and low, mid, and high concentrations (23 to 124 pg/m? of
concentrated ambient particles (0.1 to 2.5 um) from downtown Toronto for 2 hs using aface
mask. The low CAP exposures were reflective of typical anbient PM,, . levels and the high ones
of maximum PM, . levels seen in Toronto. On each day prior to exposure, pulmonary function,
nasal lavage, nasal acoustic rhinometry, blood collection for plasma fibrinogen and clotting
factor VII antigen, and aresting ECG were taken. Pulmonary function measurements were taken
every 30 min. and ECG readings recorded continuously during exposure, followed by ECG
measures after 30 min. of postexposure exercise and nasal lavage, sputum induction, and blood
collection at about 2 h and about 24 h postexposure. Petrovic et al. reported that review of the
ECG data by a cardiologist showed no clinically significant cardiac effects during exposure, the
ensuing exercise period, or 24 h postexposure. On the other hand, 2 of 4 subjects showed
notable 15-20% pre- to postexposure increases in blood fibrinogen levels within 2 h post high
CAPs exposure (124 pg/m?) versus maximum 5-6% increases after filtered air exposures,
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although there were no statistically significant differences for mean fibrinogen between CAP and
FA exposures.

In another small pilot study, reported by Gong et al. (2000), four healthy adult volunteers
(2 male, 2 female; aged 19 to 40 y) were exposed for 2 h while at rest in whole body chamber to
filtered air or to concentrated ambient PM, ; from Los Angeles air. The CAP exposures at mean
2 h concentrations of 148 to 246 pg/m?® (the latter approximating likely maximum exposure
levelsin Los Angeles) resulted in “no meaningful changes’ in heart-rate variability, or ECG ST
voltages, lung function, or respiratory symptoms, based on data collected during 2-h exposures
or 10 or 22 h afterward. These results appear to be suggestive of Los Angeles ambient PM, .
exposures being unlikely to affect cardiorespiratory functionsin healthy non-elderly adults.
However, such a conclusion must be tempered by several considerations: (@) the small number
of subjectstested and only while at rest (versus planned further studies to evaluate larger
numbers of both healthy and compromised volunteers with respiratory or vascular disease,
presumably to include exposures involving intermittent exercise); and (b) the Harvard model
concentrator used did not likely concentrate effectively ambient particles < 0.1 t0 0.2 pm
MMAD, thus not exposing subjects to concentrated levels of potentially important combustion-
derived (from diesel/gasoline vehicles; wood smoke, etc.) ambient particles.

More recently, Gong et al. (2003) exposed 12 healthy and 12 asthmatic subjects (age range
18 to 45) to Los Angeles CAPs (PM,, ;) that were primarily of motor vehicle origin. An exposure
to CAPs averaging 174 pg/m? (range 99-224) in awhole body chamber for 2 h was alternated
with afiltered air (FA) exposure at least 14 days apart. Subjects exercised for 15 min of each
half hour at a ventilation rate of 15-20 |/min/m? body surface. Tests were performed just before
exposure (pre), just after (immediately post), 3.5 to 4 h after (4 h), and the next day (day 2).
No significant CAPS-related changes in routine blood parameters were observed, except for
some mediators of blood coagulation and systemic inflammation. These included Factor VI,
which declined at immediately postexposure and 4 h later and then rebounded on day 2. Thisis
in agreement with arecent finding by Reed et al. (2004) wherein rats exposed to DE
demonstrated lower Factor VII levels. However, the Gong et al. (2003) subjects did not have
any accompanying changes in fibrinogen or serum amyloid A with CAPs exposure. Both groups
exhibited modest increases in HR variability, and both had significant differencesin HR during
exposure (FA: 76 at rest and 96 at exercise; CAPs. 72 at rest and 92 at exercise). There were
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no significant differencesin diastolic BP and HR-systolic product. Systolic BP increased in
healthy subjects after CAP exposure at immediate, 4 h, and 2 days postexposure. Systolic BP
decreased in asthmatics immediately and at day 2 postexposure. Holter ECG data suggested to
the authors a CAP-induced increase in parasympathetic input to the heart, about which they are
uncertain as to the health significance. Some subjects also reported a set of ‘ cardiac symptoms’
during CAPs exposure which included faintness, dizziness, irregular heartbeat, and pain related
to the heart.

Godleski and colleagues (2000) have performed a series of experiments examining the
cardiopulmonary effects of inhaled CAPs on normal mongrel dogs and on dogs with coronary
artery occlusion. Dogs were exposed by inhalation via a tracheostomy tube to Boston CAPs for
6 h/day for 3 consecutive days. The investigators found little biologically-relevant evidence of
pulmonary inflammation or injury in normal dogs exposed to PM (daily range of mean
concentrations was ~100 to 1000 pg/m®). The only statistically significant effect was a doubling
of the percentage of neutrophilsin lung lavage. Despite the absence of major pulmonary effects,
asignificant increase in heart rate variability (an index of cardiac autonomic activity), a decrease
in heart rate, and adecrease in T aternans (an index of vulnerability to ventricular fibrillation)
were seen. Exposure assessment of particle composition yielded no indication of which specific
components of the CAPs were correlated with the day-to-day variability in response. The
significance of these effectsis not yet clear, given that the effects did not occur on all exposure
days (e.g., changesin heart rate variability were observed on only 10 of the 23 exposure days).
Although the HRV increase and the decrease in t-wave alternans might suggest areduction in
cardiovascular risk in response to inhaled concentrated ambient PM, the clinical significance of
this effect is unclear. However, the magnitude of the observed changes, while small, are clearly
not consistent with increased risk for cardiovascular events.

The most important finding of Godleski et al. (2000) was the observation of a potential
increase in ischemic stress of the cardiac tissue from repeated exposure to concentrated
ambient PM from Boston. During coronary occlusion in four dogs exposed to PM, they
observed (a) significantly more rapid development of ST elevation of the ECG waveform; and
(b) greater peak ST-segment elevation after CAP exposure. Together, these changes are not
internally consistent with those noted above. That is, on one hand, the ST segment elevation
timing suggests a lower ischemic threshold and higher risk for serious outcomesin the
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compromised dog model, but the HRV and T-wave alternans changes in the normal dogs suggest
lower cardiac risk. Clearly, much further work in more dogs (and other species) will be
necessary both to try to confirm such findings and to better understand their potential
significance.

In aseries of studies, (Gordon et al., 2000) examined rodent cardiovascular system
responses to concentrated ambient PM (CAPs) derived from New Y ork City air. Particles of
0.2 to 2.5 um diameter were concentrated up to 10 timestheir levelsin ambient air (=130 to
900 pg/m?) to maximize possible differences in effects between normal and cardiopulmonary-
compromised laboratory animals. No ECG changes were detected in normal Fischer 344 rats or
hamsters exposed by inhalation to the New Y ork City CAPs for a single 3-h exposure or for
3 daily 6-h exposures. Similarly, no deaths or ECG changes were seen in MCT rats or
cardiomyopathic hamsters exposed to PM. In contrast to the nonsignificant decrease in heart
rate observed in dogs exposed to Boston CAPs (Godleski et al., 2000), statistically significantly
heart rate increases (~5%) were observed by Gordon et al. (2000) in both the norma and MCT
rats exposed to New Y ork CAPs, but not on all exposure days. Thus, extrapolation of the heart
rate changes in these animal studies to human health effectsis difficult, although the observed
increase in heart rate in ratsis similar to that observed in some human population CAPs studies.

Gordon and colleagues (1998) have also reported other cardiovascular effectsin animals
exposed to inhaled CAPs. Increasesin peripheral blood platelets and neutrophils were observed
in control and MCT ratsat 3 h, but not 24 h, after a3 h exposure to 150 to 400 pug/m® New Y ork
City CAPs. This neutrophil effect did not appear to be dose-related and did not occur on all
exposure days, suggesting that day-to-day changesin particle composition may play an
important role in the systemic effects of inhaled particles. The number of studies reported was
small; and, it is therefore not possible to determine statistically if the day-to-day variability was
truly due to differencesin particle composition or even to determine the size of this effect.

Nadzigko et al. (2002) exposed healthy rats to concentrated ambient particles (CAPs) from
New York City air at concentrationsin the range of 95 to 341 pg/m? for 6 hs and sampled blood
at 0, 12, and 24 hs postexposure. They found no consistent differences in counts of platelets,
blood cells, or in levels of proteinsin the blood coagulation system that included fibrinogen,
thrombin-anti-thrombin complex, tissue plasminogen activator, plasminogen activator inhibitor,
and factor VII. Nadzigko et al. (2002) present a thorough discussion of the blood coagulation
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system, demonstrating its complexity, and further discuss limitations of the study that include
particle composition and size, the possible blunted response seen in rats compared to humans,
the healthy status of the animals compared to a cardiovascular compromised model, and the
endpoints chosen.

Studies by Vincent et al. (2001) indicate that very high concentrations (48 mg/m?) of urban
ambient particles from Ottawa ambient air administered by nose-only inhalation for 4 h to
laboratory rats can cause a vasopressor response and affect blood levels of endothelin without
causing acute lung injury. The authors reported a MMAD of ~4 um for the EHC93 Ottawa
urban ambient particles resuspended from samples from the air purification system of an office
building. In this study, they also found that exposure to water-leached Ottawa samples
(EHC93L) can modify the potency to influence hemodynamic changes by removal of polar
organic compounds and soluble elements from the Ottawa particles. Exposure to DPM
(5 mg/m°®) had no effect on blood pressure, but caused elevated endothelin levels, whereas a
comparable exposure to 5 mg/m? carbon black (CB) had no effects. The authors concluded that
their results suggest a novel mechanism by which inhaled particles can affect cardiovascular
function, i.e., by causing elevated endothelins, which are among the most potent vasoconstrictors
in the systemic circulation and which have been shown to correlate with severity of disease in
congestive heart failure and to predict cardiac death (Galatius-Jensen, et al., 1996), possibly due
to ET-1 being cardiotoxic by promoting infarct size (Omland et al., 1994). However, the very
high exposure concentrations used leave it unclear as to the extent that such effects may be
pertinent to ambient PM exposure conditions.

Another study (Ulrich et al., 2002) utilized Ottawa EHC93 and an exposure paradigm
consisting of saline control, 5 mg EHC93 only, or ozone pretreatment (8 h to 1600 ug/m®) on the
day preceding instillation. Instillations were at concentrations of 0.5, 1.5, or 5 mg/rat
(approximately 2.2, 6.7, or 22.2 mg/kg based on reported body weights). At the high doses, both
with (170 mg/dl) and without (160 mg/dl) ozone-pretreatment, they observed a 20% increase in
plasmafibrinogen at 2 days post exposure compared to saline controls (140 mg/dl). These
changes correlated with increases in endothelin (ET)-1 levels and iNOS mRNA and a decreasein
angiotensin-converting enzyme (ACE). The authors suggest that the hematological changes seen

in this study model heart failure in high-risk groups exposed to PM.
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7.2.3 ROFA and Other Combustion Source-Related Particles

Turning to studies evaluating cardiovascular effects of controlled exposures to combustion
source-related materials, using the MCT model of cardiorespiratory disease, Killingsworth et al.
(1997) examined the effects of a combustion source-related irritant particle mix (residual fuel oil
fly ash [ROFA] from the Boston area). They observed 42% mortality in MCT rats exposed to
~580 pug/m® ROFA for 6 h/day for 3 consecutive days but no deaths among MCT rats exposed to
filtered air or saline-treated healthy rats exposed to ROFA. Theincreasein MCT/ROFA group
deaths was accompanied by (a) increased neutrophilsin lavage fluid and (b) increased
immunostaining of macrophage inflammatory protein (MIP-2), from among several
proinflammatory chemokines evaluated, in the lungs and hearts of the MCT/ROFA animals.
Cardiac immunohistochemical analysisindicated increased MIP-2 in cardiac macrophages. The
ROFA-induced deaths did not result from a change in pulmonary arterial pressure, and the cause
of death was not identified. The results suggest that MCT treatment and ROFA exposure can
produce significant lung inflammation and possible increases in proinflammatory signalsin the
heart.

Using asimilar experimental model, Watkinson et al. (1998) examined the effects of
intratracheally instilled Florida area power plant ROFA (0.0, 0.25, 1.0, 2.5 mg in 0.3 mL saline)
on ECG measurements in healthy control and MCT rats. They observed a dose-related increase
in the incidence and duration of arrhythmic eventsin control animals exposed to ROFA
particles, and these effects appeared to be exacerbated in the MCT animals (the strength of these
conclusions and determination of lowest observed effective dose levels being limited due to lack
of statistical analyses). Similar to the results of Killingsworth et al. (1997), healthy animals
treated with ROFA suffered no deaths, but there were 1, 3, and 2 deaths in the low-, medium-,
and high-dose MCT groups, respectively. Further, given that the observed rhythm disturbances
were mimicked by infusion of acetylcholine, increased vagal (parasympathetic) input may have
contributed to the ROFA-induced increase in arrythmias. Thus, ROFA PM may be linked to
conductive and hypoxemic arrhythmias in rats having MCT-induced pulmonary hypertension.
However, the specific data and analyses in this study do not establish that relationship with
certainty. Such small sampling frequency as was used here does not allow any extrapolation in
terms of the total frequency of arrhythmia because of the inherent variability of arrhythmia
frequency. Also, since theincreased arrhythmia reported by these investigators in this animal

June 2004 7-28 DRAFT-DO NOT QUOTEOR CITE



© 00 N O o b~ W N P

W RN DNRNDNNNNDNNDNIEREERRPR R R B R B
SO © ® N 0o 0 & W NP O © 0N O 00 b W N R O

model isamost entirely dropped beats, these findings have questionable bearing on the
mechanism of potential increased risk of cardiac mortality in humans exposed to PM. Itisaso
possible that the reported mortalities were simply related to the MCT-induced pulmonary
hypertension.

In order to help gauge the biological relevance of intratracheal instillation of ROFA
particles, Kodavanti et al. (1999) exposed MCT ratsto Florida area ROFA by either instillation
(0.83 or 3.33 mg/kg) or nose-only inhalation (15 mg/m?, 6 h/day for 3 consecutive days).

Similar to Watkinson et a. (1998), intratracheal instillation of ROFA in MCT rats caused about
50% mortality. However, very notably, no mortality occurred in MCT rats exposed to ROFA by
the inhalation route despite the high exposure concentration (15 mg/md); nor was there any
mortality in healthy rats exposed to ROFA or in MCT rats exposed to clean air. Despite the fact
that mortality was not associated with ROFA inhal ation exposure of MCT rats, exacerbation of
lung lesions and pulmonary inflammatory cytokine gene expression, aswell as ECG
abnormalities, were evident.

Watkinson and colleagues further examined whether the effects of instilled ROFA would
be exacerbated in rodents already under increased stress by being previously exposed to ozone or
housed in the cold (Watkinson et a., 2000a,b; Watkinson et al., 2001; Campen et al., 2000). The
effect of ozone-induced pulmonary inflammation (preexposure to 1 ppm ozone for 6 h) or
housing in the cold (10 °C) on the response to instilled ROFA in rats were similar to that
produced with MCT. Bradycardia, arrhythmias, and hypothermic changes were consistently
enhanced in the ozone-exposed and cold-stressed animal's treated with ROFA (0.25, 1.0, or
2.5 mg/rat); but, unlike for the MCT animals, no deaths occurred. Thus, it appears that
preexisting cardiopulmonary disease or increased physiological stress may make rodents more
susceptible to cardiovascular changes induced by intratracheal instillation of > 0.25 mg of
ROFA. While studies of instilled ROFA demonstrated immediate and delayed responses,
consisting of bradycardia, hypothermia, and arrhythmogenesis in conscious, unrestrained rats
(Watkinson et al., 1998; Campen et al., 2000), further study of instilled ROFA -associated
transition metals showed that vanadium (V) induced the immediate responses, while nickel (Ni)
was responsible for the delayed effects (Campen et al., 2002). Moreover, Ni, when administered
concomitantly, potentiated the immediate effects caused by V.
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In another study, Campen et al. (2001) examined responses to these metals in conscious
rats by whole-body inhalation exposure. The authors tried to ensure valid dosimetric
comparisons with the instillation studies, by using concentrations of V and Ni ranging from
0.3t0 2.4 mg/m>. The concentrations used incorporated estimates of total inhalation dose
derived using different ventilatory parameters. Heart rate (HR), core temperature (T ), and
electrocardiographic (ECG) data were measured continuously throughout the exposure. Animals
were exposed to aerosolized Ni, V, or Ni +V for 6 h per day for 4 days, after which serum and
bronchoalveolar lavage samples were taken. While Ni caused delayed bradycardia,
hypothermia, and arrhythmogenesis at concentrations > 1.2 mg/m?, V failed to induce any
significant change in HR or T, even at the highest concentration. When combined, Ni and
V produced observable delayed bradycardia and hypothermia at 0.5 mg/m? and potentiated these
responses at 1.3 mg/m?, to a greater degree than were produced by the highest concentration of
Ni (2.1 mg/m®) alone. The results are suggestive of a possible synergistic relationship between
inhaled Ni and V, albeit these studies were performed at metal concentrations orders of
magnitude greater than their typical ambient concentrations.

Watkinson et al. (2000a,b) also sought to examine the relative toxicity of different particles
on the cardiovascular system of spontaneously hypertensiverats. They instilled 2.5 mg of
representative particles from ambient (Ottawa) or natural (Mount Saint Helens volcanic ash)
sources and compared the response to 0.5 mg ROFA. Instilled particles were either mass
equivalent dose or adjusted to produce equivalent metal dose. They observed adverse changesin
ECG, heart rate, and arrhythmiaincidence that were much greater in the Ottawa ambient PM-
and ROFA -treated rats than in the volcanic ash-treated rats. The cardiovascular changes
observed with the Ottawa particles were actually greater than with the ROFA particles. These
experimentsindicate: (a) that instillation of ambient air particles, albeit at avery high
concentration, can produce cardiovascular effects; and (b) that exposures of equal mass dose to
particle mixes of differing composition did not produce the same cardiovascular effects,
suggesting that PM composition rather than just mass was responsible for the observed effects.

Kodavanti et al. (2000a) exposed (via nose-only inhalation) spontaneously hypertensive
(SH) and normotensive (WKY) rats to 15 mg/m® ROFA (Florida areq) particles for 6 h/day for
3 days. The high exposure concentration (~1,000 times higher than current U.S. ambient PM
levels) was selected to produce a frank but non-lethal injury. Exposure to ROFA produced
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aterations in the ECG waveform of spontaneously hypertensive (SH) but not normotensive rats.
Although the ST segment area of the ECG was depressed in the SH rats exposed to air, further
depressionsin the ST segment were observed at the end of the 6-h exposure to ROFA on Days
1 and 2. The enhanced ST segment depression was not observed on the third day of exposure,
suggesting that adaptation to the response may have occurred. Thus, exposureto avery high
concentration of ROFA exacerbated an aberrant variation in the electroconductivity pattern of
the heart in an animal model of hypertension. However, this ROFA-induced alteration in the
ECG waveform was not accompanied by an enhancement in the monocytic cell infiltration and
cardiomyopathy that also develop in SH rats.

Contrary to findings from Godleski’ s dog study, Muggenburg et al. (2000b) reported that
inhalation exposure to high concentrations of Boston area ROFA caused no consistent changes
in amplitude of the ST-segment, form of the T wave, or arrhythmias in healthy dogs. In their
studies, four beagle dogs were exposed to 3 mg/m® ROFA particles for 3 h/day for 3 consecutive
days. They noted adight but variable decrease in heart rate, but the changes were not
statistically or biologically significant. The transition metal content of the ROFA used by
Muggenburg was ~15% by mass, a value on the order of a magnitude higher than that found in
urban ambient PM samples. Although the study did not specifically address the effect of metals,
it suggests that inhalation of high concentrations of metals may have little effect on the
cardiovascular system of a healthy individual. In asecond study using dogs with pre-existing
cardiovascular disease, Muggenburg et al. (2003) evaluated the effects of short-term inhalation
exposure (oral inhalation for 3 h on each of 3 successive days) to aerosols of transition metals.
Heart rate and the ECG readings were studied in conscious beagle dogs (selected for having
pre-existing cardiovascular disease) that inhaled respirable particles of oxide and sulfate forms
of transition metals (manganese, nickel, vanadium, iron, copper oxides, and nickel and vanadium
sulfates) at concentrations of 0.05 mg/m®. Such concentrations are 2 to 4 orders of magnitude
higher than typical for ambient U.S. levels (usualy < 0.1 to 1.0 pg/m?® for such metals).

No significant effects of exposure to the transition metal aerosols were observed. The
discrepancy between the results of Muggenburg et al. and those of Godleski and colleagues |eave
open major questions about PM effects on the cardiovascular system of the dog.

Wellenius et al. (2002) developed and tested a model for investigating the effects of
inhaled PM on arrhythmias and heart rate variability (HRV) in rats with acute myocardial
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infarction. Left-ventricular M1 was induced in Sprague-Dawley rats by thermocoagulation of the
left coronary artery while control rats underwent sham surgery. Diazepam-sedated rats were
exposed (1 h) to ROFA (Boston area), carbon black, or room air at 12 to 18 h after surgery.

Each exposure at a concentration of 3 mg/m?® was immediately preceded and followed by a 1-h
exposure to room air (baseline and recovery periods, respectively). Lead-11 electrocardiograms
were recorded. Inthe MI group, 41% of rats exhibited one or more premature ventricular
complexes (PVCs) during the baseline period. Exposure to ROFA, but not to carbon black or
room air, increased arrhythmia frequency in animals with preexisting PVCs. Furthermore, Ml
rats exposed to ROFA, but not to carbon black or room air, had decreased HRV, but there was
no difference in arrhythmia frequency or HRV among sham-operated animals. The limited
statistical significance (one Ml rat mainly exhibited the reported changes) of the reported results
call into question the biological relevance of the change observed in arrhythmia frequency in this
myocardial infarction model exposed to ROFA at 3 mg/m®.

Gardner et a. (2000) examined whether the instillation of particles would alter blood
coagulability factorsin laboratory animals. Sprague-Dawley rats were instilled with 0.3, 1.7, or
8.3 mg/kg of ROFA (Florida) or 8.3 mg/kg Mount Saint Helens volcanic ash. Because
fibrinogen is aknown risk factor for ischemic heart disease and stroke, the authors suggested
that PM-induced alterations in the blood fibrinogen or coagulation pathway could take part in the
triggering of cardiovascular events in susceptible individuals. Elevationsin plasma fibrinogen,
however, were observed in healthy rats only at the highest treatment dose (8.3 mg/kg); and no
other changes in clotting function were noted. Because the lower treatment doses are known to
cause pulmonary injury and inflammation, albeit to a lesser extent, the absence of plasma
fibrinogen changes at the lower doses suggests that only high levels of pulmonary injury are
likely to produce an effect in healthy test animals.

To establish the temporal relationship between pulmonary injury, increased plasma
fibrinogen, and changes in peripheral lymphocytes, Kodavanti et al. (2002) exposed
spontaneously hypertensive (SH) and Wistar-Kyoto (WKY) rats to Boston ROFA using both
inhalation and intratracheal instillation exposure (acute and long-term) scenarios. Increasesin
plasma fibrinogen and decreases in circulating white blood cells were found for both strainsin
response to acute ROFA exposure (15 mg/m?, 6 h/day; 1 wk) by inhalation and were temporally
associated with acute (1 wk post exposure), but not longer-term (2 to 4 wk) lung injury. A bolus
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intratracheal instillation of ROFA at 5 mg/kg body weight increased plasma fibrinogen in both
SH and WKY rats; whereas the increase was evident only in SH rats after acute (1 wk) ROFA
inhalation. The increased fibrinogen in SH rats was associated with greater pulmonary injury
and inflammation than was found in the WKY rats. The authors concluded that acute PM
exposure can provoke an acute thrombogenic response associated with pulmonary
injury/inflammation and oxidative stress in cardiovascular-compromised rats.

Kodavanti et al. (2003) exposed male SD, WKY, and spontaneously hypertensive (SH)
mal e rats to nose-only doses of oil combustion-derived ROFA from Boston, which contained
bioavailable zinc at doses of 2, 5, or 10 mg/m? for 6h/day for 4 consecutive days. A second
exposure paradigm used exposure to 10 mg/m?* ROFA for 6 h/day, 1 day/wk, for 4 or 16
consecutive weeks. Cardiovascular effects were not seenin SD and SH rats with the acute or
chronic exposure, but WKY rats from the 16 wk exposure group had cardiac lesions consisting
of chronic-active inflammation, multifocal myocardial degeneration, fibrosis, and decreased
numbers of granulated mast cells. These results suggest that myocardial injury in sensitive rats
can be caused by long-term inhalation of high concentrations of ROFA.

Perhaps of more direct relevance to evaluation of ambient PM effects, the effects of DE on
ECG and HR were evaluated in SH rats, both male and female, exposed to diesel emissions (DE)
generated from a 2000 model diesel engine (Campen et al., 2003). Whole body exposures
included dilutions at concentrations of 30, 100, 300, and 1000 pg/m? for an exposure period of
6 h/day, 7 daysiwk, for 1 wk. Exposed rats showed a significantly elevated daytime HR
throughout the exposure (290 + 7 versus 265 + 5 for control rats). Additionally, a concentration-
dependent prolongation of the PQ interval was observed in exposed rats. The authors suggested
that these high level exposures to DE may affect the pacemaking system of rats by means of
ventricular arrhythmias. However, the design of the study did not include testing of DPM
(versus whole DE) so that one cannot clearly attribute the reported effects to DPM versus
associated gases or a combination of both.

Also, Reed et al. (2004) exposed both male and female F344 rats to diesel emissions (DE)
generated from a 2000 model diesel engine to evaluate the effects of DE on blood parameters.
More than 90% of the DE PM masswas < 1 um in aerodynamic diameter. Whole body
exposures included dilutions at concentrations of 30, 100, 300, and 1000 pg/m? for exposure
periods of 6 h/day, 7 days/wk, for either 1 wk or 6 mos. Blood cholesterol was decreased in both
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females and males at 1 wk and in males at 6 mos at the 1000 pg/m?® concentration. Gamma-
glutamyl transpeptidase (GGT) was increased in both genders at 6 mos at the higher doses. This
was the first report of ef