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OVERVIEW

Investigating the impacts of air pollution on peblhealth requires an intensely multidisciplinary
approach. Our Center brings together a diverse pgrau experts, including atmospheric chemists,
engineers, aerosol scientists, toxicologists, pulphmgists, cardiologists, molecular biologists,
epidemiologists, statisticians, and exposure aseesfhe Center also builds upon the infrastructune
extensive portfolio of other research at the Hatv&chool of Public Health and allied institutions,
including the Universities of Toronto and Michigaho date, Center research has produced over 170
peer-reviewed publications. Many of these reseéintlings are of public policy significance and were
extensively cited by the 2004 EPA Criteria Documamd the draft 2008 Integrated Science Assessment
report. This valuable scientific productivity deded heavily on the numerous collaborations fostesed
the Center over its 10-year lifespan.

Research Program:Our current Center supports four research progotstwo cores which share three
common objectives: 1) Define mechanisms of respomdeM exposures at the molecular, cellular, and
integrative pathophysiological levels, using expemtal laboratory and population studies; 2) Ingese
associations between specific PM characteristiosgges and inflammation, autonomic responses, and
vascular dysfunction and; 3) Identify individualfiavare more susceptible to PM exposures because of
their genetic predisposition and/or health conditiBroject 1 (NAS study) examines the association
between PM exposures and intermediate markers whamnic dysfunction, systemic inflammation,
endothelial activation and oxidative stress, in tNermative Aging Study cohort in Eastern
Massachusettfroject 2 (Human CAPs study) examines the cardiovasculac&ffef fine, coarse and
ultrafine concentrated ambient particles (CAPS) hiealthy adults in Toronto. Measurements of
cardiovascular and inflammatory responses inclugetial artery diameter, flow-mediated dilatation,
heart rate variability (HRV), blood pressure (BRardiac output and systemic vascular resistance.
Project 3 (Animal CAPs study) investigates the relationshgtween PM composition and vascular
response. Normal and spontaneously hypersensdtgeare exposed to fine CAPs in Boston. Biological
outcomes include pulmonary and systemic inflammmatiBP, endothelin-1, atrial naturetic peptide,
oxidant response in the heart and lungrbyivo chemiluminescence, and vascular morphometry af lun
and cardiac vesselBroject 4 (Toxicological Evaluation of Realistic Emissionusce Aerosol-TERESA
study) investigates the effects of primary and sdaoy vehicular emissions from a traffic tunnel in
Boston, using the same animal models and biologiedsurements as in Project 4. Biestatistics
Core provides design and analysis support for alldur Projects, as well asupports population studies
in US cites examining PM effects on mortality andrimdity. Finally, theParticle Core supports the
development of particle exposure systems for hurmad animal inhalation studies and sampling
techniques for exposure assessment investigati@sow, we highlight some of our Center
accomplishments and discuss our plans for the rengatwo years. This overview focuses on biological
responses as they relate to mechanisms, to susitigpéind PM components/sources.

Oxidative Stress:It has been hypothesized that a primary mechahigmhich particles impact human
health is the induction of pulmonary inflammatoegponses mediated through the generation of reactiv
oxygen species (ROS). The NAS project examinesrtipwrtance of oxidative stress pathways to the
relationship between PM exposures and cardiac mdso Park et al 2006 postulated that two
hemochromatosis (HFE) polymorphisms (C282Y and H63Bsociated with increased iron uptake, may
modify the effect of metal-rich particles on thediavascular system. [The protein product of theEHF
gene modulates uptake of iron and divalent catfoore pulmonary sources and reduces their toxicity.]
Among men in the NAS cohort, PM exposures decreased the high-frequency compofigiRY in
persons with the wild-type genotype, whereas natieiship was observed in persons with either HFE
variant. The effect of PM on cardiac autonomic fiorcwas shielded in subjects with at least 1 copy
an HFE variant compared with wild-type subjectsingghe NAS cohort we have shown that reduced
defenses against oxidative stress due to glutath®ransferase M1 (GSTM1) deletion modify the
effects of PMs on HRV ™. Furthermore, polymorphisms in hemeoxygenase (HMQXave been shown



to affect the ability to respond to oxidative stre& high number of (GT)n dinucleotide repeatshia 5'-
flanking region of the gene have found to increaseof coronary artery disease. Our recent NASepap
by Chahine et af. showed that individuals with a high number of (BT¢peats are more susceptible to
the PM effects. Plyk was not associated with decreased HRV in subjeitiisthe short repeat variant of
HMOX-1, but was significantly associated in subjecthwainy long repeat. We also found that HMOX-1
interacts with GSTM1. In subjects with t@STM1 deletion and theIMOX-1 long repeat, high frequency
power of HRV decreased by 28% per 10 fgilmcrease in PMs. Together these findings suggest that
oxidative stress is an important pathway for thetigla autonomic effects.

We have pioneered animal CAPs toxicological studigsch have produced a large spectrum of
biological responses. These investigations progide@ique opportunity to address important mechianist
questions raised by epidemiologic studies. Foramst, how could particles inhaled by individualshwi
lessened defenses against ROS result in HRV chamgeshave shown that measures of cardiac ROS are
directly related to autonomic nervous system aigtivii More recently animals with or without blocked
afferent neural fibers in the lung were expose@Ads*. During exposures, ROS levels in the heart were
measured usingn situ chemiluminescence. Cardiac conduction parameterge \wlso monitored. This
study showed that blocking afferent neural respdibges in the lung, which mediate autonomic nes/ou
system responses, blocked both increases in R@%lavthe heart and changes in cardiac conduction
times. Consistent with our human studies theseirfgsd link respiratory and cardiac autonomic
mechanisms with ROS and serve as a prime exampleedbenefits of integrated research within our
Center.

Inflammation: We investigated PM-mediated impacts on severalkenar of inflammation and
thrombotic activity, which may play key role in thehysio-pathological processes leading to
cardiovascular disease and mortalityWe examined the impact of particles on inflamomatiand
thrombotic activity using white blood cell coun¥®/BC), C-reactive protein (CRP), sediment rate, and
fibrinogen, and investigated whether these impaet® modified by age, health status, polymorphisms
GSTML1, and statin medications. We found both Bl@atbon (BC) and Particle Number (PN) to be
increase inflammation and thrombotic activity. Etfewere strongest for subjects older than 78 years
individuals with chronic pro-inflammatory states (8hown for obese individuals), and individualshwit
reduced defenses to ROS species (as shown forepeithl the GSTM1-null genetic polymorphism or in
non-statin users).

Vascular Dysfunction: Our previous epidemiological studies have showat #M increases BP in
diabetic population$’. Three of the Center projects (NAS, and humanaarichal CAPS) investigate the
relationship between PM exposures and BP. We hgvesed humans to particle free air, fine CAPs and
coarse CAPs. Both particle size fractions inducadcular responses: the diastolic BP increased by
2.73+£1.18 and, 2.86+0.86 mmHg for coarse and fiA® & respectively; while the systolic BP increased
by 3.03£1.28 and 2.29+1.12 mmHg, for coarse anel @APs, respectively. It is also worth mentioning
that our animal studies have shown that exposuseitimgate particles or CAPs enhances ischemia and
increases blood pressure in both canine and raelsibt.

Autonomic Dysfunction: Many investigators have identified short term comes related to PM
exposures, such as HRV, an indicator of autonoragpanse, and arrhythmias that could lead to
cardiovascular deaths. In the NAS study exposuré& s and Q were associated with decreased HRV,
High Frequency (HF) and, Low Frequency (LF) andeased LF/HF rati&’. In a later analysis we found
that PMs SO, and BC exposures were associated with increas#dH_fatio on days where most of the
pollution was related to local sourcesin a panel study of 32 elderly subjects in Stewilke, Ohio, we
found that PMs and SQ exposures decrease HRY/ Furthermore, irregularities in cardiac repolatizaa
may play an important role as they can lead todéneslopment of an arrhythmia. Using data from the
NAS, we investigated the association between PMosues and the QT interval (QTc), which is a



measure of repolarization. Preliminary results slioat the traffic-related pollutants, BC, N@nd CO
are associated with increased QTc.

Susceptibility: Individuals with cardiac and vascular diseaseracee susceptible to PM effect©One
potential pathway of diabetic vulnerability is viglammation and endothelial dysfunction, processes
which cell adhesion molecules and inflammatory reeskplay important roles. O’Neill et af measured
plasma levels of soluble ICAM-1; VCAM-1; and vWFdaparticle exposure in 92 Boston patients with
type-2 diabetes. Among participants not takingirstatassociations between P BC and VCAM-1
were particularly strong. Furthermore, RMposures were associated with changes in redggperemia
and increased arrhythmias (Zanobetti et al. 20@2n& et al. 20065 Finally, in post-MI patients,
PM, s exposures were associated with decreased RVhese effects were modified by beta-blocker,
bronchodilator intaké®, and genetic

Effect of Particle Characteristics and Sources on &ticle Toxicity: While great progress has been
made in elucidating the biological mechanisms wtdoh responsible for the PM effects, understanding
the role of specific PM sources and properties nesna significant challenge. One of the main olyest

of the Center is to examine PM toxicity in relatimnboth PM components and to different sourcess&h
issues are addressed by three different approacpegulation and cohort studies; CAPs inhalation
studies; and source specific inhalation studies.

1) Population and Cohort Sudies. In Franklin et al® we found that Al, Si, S, Ni, and As significantly
modified the association between daily Rjvhass and mortality in 25 US communities cities. ataatti
and SchwartZ’ analyzed hospital admissions data from Bostons Fhidy found associations between
MI emergency hospital admissions and BC, and emeggeneumonia admissions and BC, N@d CO.
The pattern of associations seen for Ml and pneisnonderlines the importance of traffic emissions.
Maynard et al*® used GIS to assess address-specific exposunegfio PM for each decedent in Boston.
Traffic exposure was associated with all-cause atibytas well as stroke and diabetes-related deaths
Sulfate, an indicator of long-range transportediglas, was also associated with all-cause moytabk,
but its effect was smaller than that of traffic PMnally, in our original NAS study we found ambien
PM,s and BC concentrations to be associated with desmtsmin HRV and increases in CRP and
fibrinogen levels.

2) CAPs Inhalation Sudies. The fine, coarse and ultrafine particle concentrégohnologies developed
by our group have been extensively used in Cettdies and by researchers in US and around thedworl
1921 " These technologies provide a unique opportuititgxpose subjects to real ambient particles at
concentrations higher than typical atmosphericl®&vEo date most of the CAPs studies have produced
biological responses. In both the human and an@#dts studies we examine PM toxicity in relation to
PM composition and size. Of particular interest the results of the Toronto human CAPs study which
showed that both fine and coarse PM can produciéasimcreases in BP. Unlike previous inhalation
studies which have used artificial test particlég,Ps composition depends on atmospheric conditions
and source contributions and thus varies by exmarinT his inherent variability of exposures carvesy
advantageous in the efforts to examine the effe€t®M specific components and/or sources. For
instance, animal CAPs studies in Boston have assmichealth outcomes to particulate species, ssich a
hematologic and bronchoalveolar lavage changesdiné Pb, Br and 8, vascular changes linked to Si,
S, EC and OC? and lung chemiluminescence linked to metals aradtl@hemiluminescence linked to
traffic-related componenté,

3) Source Specific Inhalation Sudies. Because there is still ambiguity in associagogrce tracers with
actual sources, we believe that it is importargdoduct exposure studies that examine the effédisth
primary and secondary particles from specific sesrdOur recent and current TERESA studies, co-
funded by the Center and EPRI, aim to investiga¢eetffects of specific sources such as electricepow



plants and vehicular traffic, respectively. We hadeveloped technologies to sample combustion
emissions as well as to effectively simulate then@@f primary source emissions through a series of
photochemical reactions. We have exposed rats ab ammbustion primary and secondary particles at
three US power plants equipped with different emissontrol technologies. As mentioned above, these
toxicological assessments included measuremenegyfiratory parameters, inflammatory markers and
cardiac function. Although we are still analyzifgetdata, our preliminary findings suggest that both
primary and secondary coal combustion particledes® toxic than Boston CAPs. Using the developed
technologies, we will investigate the toxicity ofipary and secondary pollutants from mobile source
emissions sampled inside the ventilation stack th#ic tunnel in Boston. Together, the toxicologi
investigation of CAPs, coal and traffic particlesl wnhance our understanding about the effectsvof
very important particle sources impacting the Uusation.

Other Population Studies: In addition to the four Projects, our Center suppdine extension of the
analyses of population surveillance data to addti@ities in the US. These efforts continue tovjute
new insights into the effects of particle exposwesardiovascular and respiratory mortafityas well
as on hospital admissions for MI infarctions Zartth@005 #104}, for heart failuré®, respiratory
disease %, and heart diseasé In an analysis of over 1.3 million deaths in 2% Jommunities, we
reported increases in all-cause respiratory arakestrelated mortality associated with Pivand PM,
exposures. Finally, case-crossover methods hawsrshmat individual characteristics modify the etfec
of particles on mortality’, and that city characteristics modify the effefcP® on hospital admissiori§

Future Plans: The NAS cohort has been an invaluable resourcauirefforts to investigate biological
mechanisms in human subjects. Future work willudel assessment of participant-specific exposures
which will be used in conjunction with the centsile measurements for the health effects analyses.
Future analysis will also include additional bidkaj parameters, including BP and plasma levels of
soluble ICAM-1, VCAM-1, and vWF. Despite unanticipd delays to installation of the three
concentrators in Toronto, we are very pleased thighoverall progress of this Project. We have rigziiu
additional subjects for coarse CAPs exposures nalysis of the biological data is underway. Depegdi

on the results of this analysis we will decide vileetto perform additional coarse and fine PM expasu

or switch to ultrafine CAPs during the last yeall. Boston animal CAPs exposures have been completed
and we are currently analyzing the data. Constoctf the photochemical chamber for the traffic
TERESA study will be completed soon. The field studll commence in the spring of 2009 and will last
approximately six months. We anticipate finishihg study in approximately two years. Finally, wél wi
continue the analysis of morbidity and speciati@tadfrom US cities to investigate species-specific
associations using similar statistical methods Uisetthe Franklin et al® mortality study.
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Objective or Research:

In our original EPA-funded Particle Center, we ekad air pollution mediated responses of
individuals participating in the Normative AginguBly (NAS), a large prospective cohort living
in Eastern Massachusetts. As part of this effoetcollected ECGs and blood samples from each
study participant and analyzed these samples fov lHRd CRP, respectively. In analyses of
these data, we found ambient PMand ambient black carbon (BC) concentrations to be
associated with decrements in HRV, with these aeergs greatest for hypertensive individuals.
Ambient BC concentrations were further found to dmsociated with increased CRP and
fibrinogen levels. These results suggest that tMentediated autonomic changes may be
brought about through pathways involving the auioito nervous system and systemic
inflammation. Definitive identification of PM-med&d biological mechanisms was limited,
however, by the lack of other intermediate car@iad inflammation endpoints, the use of central
site monitoring to characterize exposures for thgiree cohort, and by the traditional
epidemiologic approaches used to examine expodigetassociations.

In Project 1 of our current Center, we are contiguour analysis of the NAS cohort, with
continued ECG, CRP and fibrinogen measurementsirapdrtantly with additional exposure
and health measurements for each NAS participaehbance our ability to identify important
biological pathways. These additional measuremeastade ECG, blood inflammatory markers,
medication, genotypic, food frequency, and partieigosure measurements for each of the
current NAS participants. ECG and blood samplesbaieg analyzed for a variety of measures
(HRV, ST segments, QT intervals, CRP, sICAM-1, s\WGA, and homocysteine); these
measures will be used as intermediate markerseoinflfaemmatory, endothelial, and autonomic
pathways. In addition, they will be related to widiuial-specific indoor PMs, SO, and BC
exposures that are being measured for one week farithe clinic visit and to ambient air
pollution (PMys, PMyo, PMbs.10 SQZ, NO5, BC, EC, OC, and PC) concentrations that are being
measured at our stationary ambient monitoring (SAN®. The study will use this data to test
three primary hypotheses:

Hypothesis 1: Cardiovascular effects of particles (PM) will fdif by source and by different
source-related components. Specifically, shortitexposures to sulfate and traffic particles will
be associated with increases in:



e acute inflammation and/or endothelial dysfunction, as measured by increases in CRP,
soluble intercellular adhesion molecule 1 (sICAM-&and soluble vascular cell adhesion
molecule 1 (sVCAM-1);

* autonomic dysfunction, as measured by reduced heart rate variability (H&\d;

» general cardiovascular responses, as measured by increases in blood pressure and ECG
changes including ST-segment level and QT-interval.

Hypothesis 2: Effects of PM on these outcomes will be modified dubject characteristics
(genetic, dietary, or pharmacological) that infloersusceptibility to:

* oxidative stress, endothelial dysfunction, and/or acute inflammation, specifically
Glutathione-s-trasferase (GSTM1) null or the lompeat Hemeoxygenase-1 (HO-1)
genotypes; statin, beta blocker, or calcium chahlwaker use; dietary intake of Vitamin
C or omega-3(-3) fatty acids;

e autonomic dysfunction, specifically beta blocker use, calcium channelckér use or
dietary intake of2-3 fatty acids;

» general cardiovascular disease, specifically hypertension and,;
* reactive airways disease, specifically methacholine reactivity.

Hypothesis 3: Long-term exposure to PM from traffic is assodateith increased risk of
inflammation (e.g., CRP, sICAM-1, sVCAM-1, and hargsteine); autonomic dysfunction (e.g.,
reduced HRV), and impaired cardiovascular outcorfeeg., elevated blood pressure). This
association is modified by the same factors thadifg@cute responses.

Progress Summary/Accomplishments:

We have made substantial progress in our NAS stiody in the analysis of data previously
collected as part of our original Harvard-EPA RaetiCenter and in the collection of new data
for our current Harvard-EPA Particle Center. Tjmggress is discussed briefly below.

Analysis of Previously Collected Data

In Year Three, we continued our analysis and im&tghion of data collected on the NAS
participants as part of our original Harvard-EPAtieEe Center. These analyses focused on the
relation between ambient pollution and intermediptémonary (pulmonary function) and
cardiac (HRV) outcomes and on how these relatigusskiary with individual-specific factors,
such as genetic polymorphisms, weight, and airwgehreactivity (AHR). Results from these
analyses have helped to identify important PM-ntediebiological pathways and susceptible
populations. Findings from these analyses have lpeesented at conferences and have been
submitted or published in peer-reviewed journalghwepresentative papers discussed briefly
below.

» Relation between PM and Cardiac Function: Importance of Oxidative Stress Pathways

We published two papers this year that identifi@ackdrs that modify the impacts of PM on
cardiac function. Our paper by Chahine et al. {20&xtends our work on the oxidative
stress pathway to examine polymorphisms in hememngse (HMOX-1). Polymorphisms



in HMOX-1 have been shown to vary its ability tepend to oxidative stress, with a high
number of (GT)n dinucleotide repeats in the 5'flag region of the gene related to reduced
response and to increased risk of coronary artesgade in high-risk groups with
hyperlipidemia, diabetes or current smoking. Cstesit with these findings, our paper
shows that individuals with a high number of (GT@peats are also more susceptible to the
effects of airborne particles. We found, for exénphat PMs was not associated with
decreased heart rate variability (HRV) in subjetith the short repeat variant BfMOX-1,

but was significantly associated in subjects witly bbng repeat. We also found that HMOX-
1 interacts with GSTM1 and PMin predicting HRV. In subjects with tH@STM1 deletion
and theHMOX-1 long repeat, high frequency power of HRV decredsed8% (95% CI -8, -
43) per 10 pg/fhincrease in PMs.

In a related paper by Park et al. (2008), we shww dur elderly NAS individuals with long-
term exposure to higher levels of lead may be mseasitive to cardiac autonomic
dysfunction on high air pollution days. We foundded, significant reductions in both HF
and low-frequency (LF) powers of HRV in relationdnone and sulfate across the quartiles
of tibia lead. Also interquartile range increases®zone were associated with a 38% decrease
(95% CI: -54.6% to -14.9%) in HF and a 38% decre@s#.9% to -20.4%) in LF in the
highest quartile of tibia lead after controlling faotential confounders.

Relation between Lung Function and Air Pollution: Oxidative Stress, Genes and Other
Modifying Factors

In three papers, we investigated the impact ofpaitution on lung function in our NAS
participants. Together, these papers provide itapbevidence that oxidative stress is a key
pathway by which ozone causes damage. The firdtesie papers investigated the effect of
statins, an anti-inflammatory and antioxidant matian, on decline in lung function in the
elderly and whether smoking modified this effecteifeeff et al., 2007a). We found that
statin use attenuates decline in lung functionhim ¢lderly, with the size of the beneficial
effect modified by smoking status. For those rehg statins, the estimated decline in lung
function (as assessed using FEV1) was 23.9 mifgsto Cl: 227.8, 220.1 ml/yr), whereas
those taking statins had an estimated 10.9-ml/gealine (95% CI: 216.9, 25.0 ml/yr). This
paper suggests that statin use may lessen the tirapagposures to pollutants that generate
oxidative stress and inflammation, such as PM ahe.

This suggestion was examined in part in a secopdrp@lexeeff et al., 2007b), in which we
found that acute ozone exposures are associatéddedrements in lung function in our
elderly NAS participants. This finding is contrarythe previous belief that the elderly are
not responsive to ozone exposures. This papeneufbund that ozone has the greatest
effect on lung function in elderly who are obesehave AHR. For example, a 15 ppb
increase in @during the previous 48 hours was associated wgheater decline in FEMn

the obese (-2.07%, 95% CI: -3.25%, -0.89%) tharthan non-obese (-0.96%, 95% CI: -
1.70%, -0.20%).

We explored the relation between ozone and pulnyoharction further in a third paper by
Alexeeff et al. (2008). In this paper, we showedt the effects of ozone on lung function in
the elderly are modified by the presence of spe@blymorphisms in antioxidant genes
(HMOX1 and glutathione S-transferase @STP1]). Specifically, we found that a 15 ppb
increase in @during the previous 48 hours was associated witt?8% decrease in FEV1



(95% CI: -1.96%, -0.54%). This estimated effect wassened with either the presence of a
long (GT)n repeat iHMOX1 (-1.38%, 95% CI: -2.11%, -0.65) or the presencarofillele
coding for Val105 inGSTP1 (-1.69%, 95% CI: -2.63%, -0.75). A stronger estied effect

of Oz on FEV1 was found in subjects carrying both G8TP1 105Val variant and the
HMOX1 long (GT)n repeat (-1.94%, 95% CI: -2.89%, -0.98%)

* PM-Mediated Toxicity: Metabolic Pathways

In two papers, we investigated the role of the mogihe cycle, which is involved in the
control of biological processes such as methyl-group transfers, homocysteine sgigh
and redox states- and that may be involved in PM-mediated toxicifjhe activity of the
methionine cycle is dependent on availability aftdry methyl nutrients and is modified by
genetic variations in metabolic genes. In particulae CT and TT genotypes of the C677T
methylenetetrahydrofolate reductaddTHFR) polymorphism have been associated with
reduced enzyme activity, and linked, though notscently, with increased risk of
cardiovascular diseases. Conversely, the CT andénbtypes of the C1420T cytoplasmic
serine hydroxymethyltransferaseSHMT) polymorphism have been associated with lower
homocysteine levels, a methionine metabolism prodhat may be a risk factor of
atherosclerosis, myocardial infarction, stroke, tirdmbosis.

Baccarelli et al. (2008) specifically examined wiest PM-mediated effects on autonomic
function are modified by dietary methyl nutriergsich as folate, the B-vitamins pyridoxine
(Bs), cyanocobalamin (B), and methionine, and genes related to processasg nutrients.
We found the effects of particles on HRV were miedifoy MTHFR and dietary methionine.
In carriers of [CT/TT]MTHFR genotypes, for example, HRV (as assessed by SDiNN)
16.3% (95% CI, 25.8-5.6; p=0.004) lower than in ITHFR subjects. In the same [CT/TT]
MTHFR subjects, each 10 pgirincrease in PMs in the 48 hours before the examination
was associated with a further 9.9% (95%CI: 17.8; p=0.02) decrease in SDNN. The
negative effects of Pps were abrogated in subjects with higher intakes @terg of B6,
B12, or methionine.

In Park et al. (2008), we examined whether PM eunpass impact a specific part of the
methyl group pathway, homocysteine. We found eupassto particles from traffic (black

carbon BC, organic carbon OC) to be associated alghated plasma total homocysteine.
No association was observed with sulfate, an itdraaf coal and oil combustion particles or
PM. s The effects of BC and OC were more pronouncgaeisons with low concentrations
of plasma folate and vitamin B12.

Data Collection

In Year Three, we continued to collect informatfonNAS participants as they came in for their
every three-year health exam. At each exam, weifsgaly collected ECG, blood inflammatory
marker, and daily diet information. We supplemdnteese measurements with those of 8-
OHdG and creatinine in urine, which were added @arfy2 to obtain direct measures of oxidative
stress in our participants. In total, we obtaimedv data (between July 1, 2007 and June 30,
2008) for 147 NAS participants.



Figure 1. Indoor PM Monitoring Locations
In addition to the health measurements, we
also collected one-week long indoor PM
104 NAS participants (July 2007 through
June 2008). In total, indoor concentrations
were measured for 202 participants. In Year
Three, 107 individuals completed indoor
sampling, with three of these individuals
completing indoor monitoring but not
having in a clinic visit (one was
hospitalized, two did not come in for their
visit). Forty-three participants with a clinic
visit did not participate in indoor
S monitoring, The reasons for non-
Figure shows locations through March 25, participation were varied, including lived
2008; total of 160 samples out of state (7 participants), declined to

participate (14), clinic visit scheduled too latesend monitor (13), lived in smoking household
(4), received but forgot to operate indoor monit®y, excessive monitor noise (1), technician
error (1), and unable to contact (1). For bothmiclivisits and indoor monitoring, our
participation rate was high and was greater tharhac anticipated from our last year’s visit
number. Of those that participated, subjects ggiyelived within the Route 495 beltway,
although several participants also lived in southdassachusetts, southern New Hampshire and
Rhode Island (Figure 1).



Laboratory Analysis

We continued to analyze collected health data, Vvaboratory analysis of HRV, blood
and urine samples conducted in the appropriaterdddytes. ECG tapes were analyzed
using software from Forest Medical for ST segmemtshythmias, and QT length.
Indoor PM s samples have been analyzed for mass and reflectanc
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Figure 2. Week-Long Indoor BC Concentrations
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Figure shows locations through March 25, 2008; witd55 samples.

Indoor Concentrations

One-week integrated indoor BM concentrations varied substantially, with values
ranging between zero and 37.9 uyfffigure 2). Week-long indoor BC concentrations
(as estimated using reflectance) also ranged widEigure 3). The minimum and
maximum concentrations equaled 0.16 and 3.19 ughespectively. Indoor Pk
concentrations were generally lower than outdoeelle measured at our stationary
ambient monitoring (SAM) site

. located in downtown Boston, on the
FI%UI’e 3. Week-Long Indoor, Outdoor PM, 5

roof of Countway Library, with lower
. mean and median concentrations
(Figure 4). Lower indoor levels
suggest the presence of few PM
sources inside our NAS participant
. H homes. The association between

indoor and outdoor PM
o concentrations was weak, with af R
] ] of only 0.09 (Figure 5). Observed

variation in indoor PMs and BC
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’ : - concentrations and its relation to
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Data collected July 2006-Sept. 2007 corresponding outdoor concentrations

likely reflects temporal variation, as
samples were collected over different time periodisalso likely reflects variation in
home-specific factors, such as distance to roachantke ventilation. The impact of these
factors is currently being examined in our analgdisxdoor concentrations.



Figure 4. Week-Long Indoor vs. Outdoor PM s
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Future Activities:

We are continuing to collect HRV, blood and urirenples at each participant’s health
visit and to recruit participants for indoor sampli For Study Year 4, we anticipate that
120 subjects will be seen at their NAS health apjpoent, with approximately 60% of
these individuals participating in the indoor monitg component of the study. This
number is lower than previous years, due to aitrifrom death, illnesses, and general
age-related issues. For participants that haveeohsince our last address geocoding, we
will update residential addresses and geocodes.

In addition, we will continue to analyze health aegposure data using statistical
methods. Laboratory analyses will include analggi€£CG, blood and urine markers
discussed above. We plan to begin our statistoalyses of PM exposures and ST,
arrhythmias, QT length, 8-OHgD, and ICAM and VCAMta. We will characterize our
indoor PMys and BC concentrations and will predict indoor 2Nevels from outdoor
levels, location-specific data, housing charactiess and GIS-based spatial models.
Once complete, indoor predictions will be incorgedainto our health analyses.

Supplemental Keywords: Normative Aging Study, inflammation, autonomic ftioq,
oxidative stress

Relevant Web Sites http://www.hsph.harvard.edu/epacenter/
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Objective(s) of the Research Project:

Our original design included controlled human expes of 50 subjects each with 4
exposures including filtered air (FA), fine CAPsjacse CAPs and ultrafine CAPSs.
Based on recommendations from our Science AdviStmgmmittee (SAC) (July 2006,
meeting) a number of changes were made to the stesign. According to the revised
design, each of the 25 subjects will receive foidnr 2xposures including: FA, fine CAPs
(target 250 pg/fh max 500 pg/rf), coarse CAPs (target 200 pud/irmax 400 pg/r),
and a 2" coarse CAPs exposure at the same levels. Exposueerandomized and at
least 2-weeks apart to allow for washout. We wikbmine and compare the acute
cardiovascular and respiratory effects of coarsk fare CAPs in healthy adults, using
our newly constructed controlled particle expodaadity, in Toronto, ON, Canadalhe
revised design does not include ultrafine CAPdeast for the first series of studies (25
subjects). When completed, the 25 fine CAPs res@it250ug/m® will be added to our
EPA-STAR fine CAPs+@ cardiovascular study (33 subjects, completed Ndem
2007) with a mean CAPs mass of 140 py/ffihis will allow us to look at dose-response
relationships using common vascular and inflamnyatendpoints. Cardiovascular
outcomes will be measured pre-, post- and 24 ht-@@osure, and will include
measurements of: i) vascular dysfunction (braclagery diameter and reactivity)
measured by ultrasonography; ii) cardiac outpuetlyocardiography; iii) blood pressure
by automated arm cuff and; iv) markers of systeimilammation (CBCs and blood IL-
6, CRP & endothelins)n addition, we will test for susceptibility genes PM-induced
oxidative stress using blood sampleBuring exposurewe will continuously measure
beat-to-beat arterial BP for 10-min periods evedyndn using a Finometer finger cuff
(pulse pressure) that includes calculated detetiomaof cardiac output, stroke volume
and systemic vascular resistance. Simultaneousywill measure end-tidal GQusing
nasal prongs, so as to directly compare the twecomwe measures. Mortara Holter
(ECG) monitors (the same used by other PM Cent@rggchuman studies) will be worn
by the subjects from the start of the exposure fday24-hrs, as a measure of cardiac
autonomic dysfunction (HRV analyses). Filter sassplwill be collected during
exposures for both mass and chemical compositinarganic ions, trace elements,
OC/EC) and biological material including airbornadetoxin (Limulus Amebocyte



Lysate test method) and markers of fungi (betaaisc Glucatell kit). On-site daily

measures will include meteorological data, TEOM BEMas well as pollen

characterization (GRIPST-2000 pollen sampler) andgél spores/pollen (Burkard
sampler). Daily stationary central site monitoridgta (gaseous and PM criteria
pollutants) will also be obtained to statisticadlgjust for potential affects on baseline
pre-exposure data.

The specific hypotheses to be addressed by thjeqgtrare the following:

» Acute human exposures to CAPs of coarse and fine Bactions result in
cardiovascular responses consistent with vascaaowing, vascular/autonomic
dysfunction, inflammation, and/or endothelial aatien compared to FA
(control) exposures

* Respiratory inflammatory responses (induced spudumeh nasal scraping tests),
pulmonary function (flow-volume curves) and naspiratory symptom
responses will be greater with coarse CAPs than@APs, compared to FA

» Associations between CAPs and cardiovascular regsowill differ by particle
size fraction and PM composition

Progress Summary/Accomplishments

Human Ethics ApprovalSince the last report, we submitted amendmentset@totocol
including: 1) addition of sputum induction — to exae acute lung inflammation; 2)
addition of nasal scrapings and a nasal symptonestigunnaire — to examine nasal
irritation/inflammation; and 3) addition of bloogsts to measure DNA Methylation
(based on the work of Andrea Baccarelli). Amendimen& 2 were in response to the
SAC comments that course CAPs may cause more agspirchanges and thus we
should include tests of respiratory function. Tihiee amendments were approved by the
St. Michael's Hospital (SMH) Human Research Ettidesrd (REB) in March, 2008 and
the tests subsequently added in all subjects. @f, tloe SMH REB is the primary Board,
as SMH handles our grant money, but ethics approaalalso been obtained from the
University of Toronto, Health Canada and the US EPA

New CAPs Human Exposure Facilitf£onstruction of our CAPs (coarse, fine, ultrafine)
exposure facility, funded through a Canadian inftecsure grant (CFI) and the

Harvard/EPA Center, began the end of July, 2006 taadcoarse and fine CAPs were
ready for initial testing and calibrations in Ocaol2007. The first human exposures
began late in November 2007. The ultrafine come¢mt testing (by ProFlow) was

delayed due to electrical installation delays, istgcheduled for final testing July 10-11,
2008. The new CAPs exposure facility, includingvlyedesigned plexiglass subject
enclosure with facemask delivery of the CAPs hanbenning well with no problems in

attaining target CAPs levels. As of July 2, 2008 have recruited 15 subjects and
carried out 33 human exposures: 17 coarse ance THPs and 9 FA.

Preliminary ResultsTo date, four subjects have completed all fourosypes (FA, fine
CAP and 2 coarse CAPs). Findings are summarizddllasvs: Blood pressure (BP)
was measured during the exposure at 30-min intgrwaing an automated BP cuff.




Three BP measures were taken at each time poistwedhave observed in our previous
CAP studies, more consistent findings were obsewleeh the average of thé&%and &

BP measures was used. Linear regression analysithea used to determine the slope
of the line fitted over the 5 times points (0, A151.5 & 2-hrs). The mean + SE change
in diastolic BP over 2-hrs for 16 coarse CAPs exposures increlge&ti93+1.12 mmHg
(9 subjects). In our previous EPA-STAR fine CAPsi€udy, the observed mean
change for the 2-hr fine CAPs alone (ng) ©xposure was similar, 2.86+0.86 mmHg (29
subjects). This compared to a smaller increas¢hén EPA-STAR CAPs+O3 study
(1.28+1.27 mmHg, n=27). An even larger changeiastdlic BP was observed when BP
measured just before and immediately after coa’sBsCexposures were compared (a
mean increase of 4.38£1.21 mmHg or 7.0%). Thisnisnteresting finding because we
have previously reported that diastolic BP measjustibefore and after fine CAPs+O
was not significantly differentSystolic BP for the 16 coarse CAPs exposures also
increased, 3.46+1.27 mmHg compared to 2.29+1.12 mfm#29) for the EPA-STAR
fine CAPs. However, to date, we only have datasferfine CAPs exposures and seven
for FA exposures, too few to report given the Matiy of this measure. DNA
Methylation. Blood samples of two subjects were analyzed adoa giudy. Results
showed decreased global methylation with expostoesoarse and fine CAPs and a
suggestion of resolution wittNOS 24-hrs after CAPs exposurd3ulmonary function.
Flow-volume curves were performed before, justradted 24-hrs after exposures. As we
have reported in previous controlled exposure stjdflow and volume parameters
increased slightly from pre to post exposure wi#h Fror example, in the seven subjects
who have completed filtered air tests, FVC and FEMtreased 1.14+0.68 and
3.03+£1.39%, respectively. Changes were small &vin lboarse and fine CAPs exposures.
For example, after coarse CAPs (n=14), FVC dectk@d¥/+0.71% and FEV1 increased
1.53+0.79%. After fine CAPs (n=6), FVC increase@730.57% and FEV1 increased
2.70£1.49%. Traffic Density. In May 2008, we set up a video camera, to reca@ffidr
flow adjacent to the CAP inlet on College StreBletailed data was obtained for traffic
during the exposures, including minute-by-minutetieaund and westbound counts,
separately for cars and trucks. Data to date dedieight exposures, with counts ranging
from 5-42 vehicles per min, of which 5-9% were ksiddiesel). Total vehicle counts
over the exposure period, now extended to 2 hauitsl@ minutes, ranged from 2,341 to
2,550 vehicles. We do expect to see more variatidmaffic counts as we obtain more
data over the entire year. The traffic counts bélused as predictors of health outcomes
in regression analyses and to examine potentiatioeships between traffic flow and
changes in PM) mass concentrations at the concentrator inlet.

Health outcomes with no results to report at timet Flow-mediated dilation (FMD).

In our recently completed EPA-STAR study, we obedra significant decrease in FMD
24-hrs following fine CAPs exposure, compared tdremease with FA. We anticipate
that we will see a larger decrease with fine CAPo=sxres at the higher target mass
concentration level of 250 pgfrtmean level of 140 pgfhor the EPA-STAR fine CAPs
study). Finometer. In discussions with Dr. Rob Brook, and after sdmad testing, we
decided to use 10-min continuous recordings everi for the Finometer, as it was
very uncomfortable to keep the finger cuff on longeWe have thus extended the
exposure length by 10 min, to accommodate the Fatenreading at the end of the




exposure. Finometer data has recently been seat txpert in this area (Gianfranco
Parati) with customized software analyses, and we awaiting analyses.
Echocardiography. We have added echocardiography to this study @agnanvasive
determination of cardiac output (CO) — a primaryedainant of systemic BP. Briefly,
cardiac images of the aortic annulus (AA) are otgdi for determination of the
(diameter) cross sectional area. Next, the awdiocity waveform at the AA is obtained
by Doppler, and the velocity time integral measufBerason software). The product of
the two measures, stroke volume, is multiplied larh rate to obtain CO.Nasal
scrapings. Nasal scrapings and RNA gene expression (miaayamwill shortly be
included as an outcome measure for all newly resgluisubjects. This test is a
component of another study (AllerGen NCE, Dr. Jer&uott) in subjects with allergic
rhinitis, recruited from the PM Center study subgec CBCs, cytokines and
endothelins/NO. Data are batch analyzed for cytokines and entingidO. We have
previously observed increased white cell counts BRfl following exposure to fine
CAPs. Heart Rate Variability. Subjects wear a Mortara holter during the entire
exposure day and keep it on overnight, returning niext day, thus giving a 24-hr
recording. ECG digital data are stored on flasidsand sent to Harvard every 2-3
exposures for data recovery and analydesposure characterization. We have been
working closely with Jeff Brook at Environment CdaaEC) and Harvard to coordinate
our filter sample collections. Teflon filters (47mh have been sent to EC for pre- and
post-exposure conditioning and weighing. Mean +r8&ss concentrations for 12 coarse
CAPs exposures were 199.3+26.5 py/(target 200 pg/M) and four fine CAPs
276.5+16.8 pg/rh (target 250 pg/m). After gravimetric measurements are completed,
filters are batch analyzed at EC for inorganic ibgdC. Quartz filters (25 mm) are pre-
fired to remove organics and after exposure seck i OC/EC analyses by TOT using
a 1.45 cm punch. A punch will also be taken for selectedaaigs, including a motor
vehicle tracer (engine lubricant), by GC-MS. Taflfiters (37 mm) are collected for
trace element analyses and will be sent to the IBiRfor XRF as a batch analyses (with
Harvard samples). Biologic components are colteote 25 mm polycarbonate filters for
endotoxin and3-glucans, both exposure and outdoor samples. Ganishdata are also
collected for PM mass (TEOM, DustTrak), black carl{pSAP), temperature, RH% and
criteria gases.

Collaborations/meetings:There have been regular scientific communicatioestings
between the study investigators (GOEHU, Michigan Harvard), mostly by
teleconference but also in-person, which have prdeebe both fruitful & beneficial to
the development/progress of this project, thus e@altinue throughout to its completion.
In April, 2008, Dr. Petros Koutrakis came to Tomid give a presentation and to see our
new CAP facility and discuss our project. Durihg tAmerican Thoracic Society (ATS)
Conference in Toronto May 18-21, 2008, we had aandmpuse at our new CAPs facility
and investigators involved with PM research weesent to view our facility and discuss
our recent findings. At the ATS conference weugeteveral meetings with our Harvard
collaborators (Drs. Joel Schwartz, Brent Coull abine Gold) to discuss our project
progress/results, new collaborations, statist&siés and new manuscripts.




Health Canada: Oxidative Stress Collaboratidfe have established collaboration with
Health Canada on oxidative stress measures inmesgdo coarse CAPs exposure, as part
of our EPA PM Center project. Blood and urine skmre provided to Health Canada,
initially for 9 subjects (study completed) with aigg plans to add 16 more subjects in
2008-2010. Specifically, measures in urine wittlude: isoprostane-8 & thiobarbituric
acid reactive substances (TBARS) for oxidativessty®-Glucaric acid for liver response
& enzyme stimulation, and VEGF an angiogenesisofacMeasures in blood will
include: TNFe for inflammation, oxidative potential, Isoprosta®e TBARS and
conjugated diene for oxidative stress.

AllerGen NCE CollaborationsWe have collected filter samples during all FAn(col)
coarse and fine CAP exposures for determinationbiofogical material including
airborne endotoxin and markers of fungi. Sampliéisb& batch analyzed at a later date.
In addition, we have recently started to colledtefi samples from pre-exposure
calibration runs of coarse and fine CAPs for thecHr objective of adapting DGGE and
DNA macro-array technologies for the characteraatf airborne and dust-borne fungal
contaminants and to investigate the value of thém& in the context of studying
indoor/outdoor exposures and health outcome measuniéhe latter information will
inform the Canadian Healthy Infant Longitudinal [B&pment study (a multi-
disciplinary, longitudinal, birth-cohort study).

EPA-STAR Coarse CAP Study Collaboratidgniversity of Michigan collaborator Dr.
Rob Brook has been funded to: 1) examine vascuylsiudction following 2-hr coarse
CAPs exposures; 2) compare responses to CAPs faimurban and rural sources; 3)
compare racial differences in responses; and 4jdgte the CAPs constituents/sources
responsible for the cardiovascular responses. Bhusly will be a comprehensive
integration of a series of supplemental human exyits with our PM Center study of
coarse PM in Toronto. Through funding from thengran additional vascular measure
will be added to the Toronto study; a SphygmoCargé arterial compliance, central
aortic BP and hemodynamics device. Common measulielse compared between the
two sites, including: ultrasound baseline diameted reactivity measures; Finometer
continuous BP measures; BP measures during expoSpleygmoCor measures; and
biological constituents collected on filters, witie characterization coordinated by Dr.
Diane Gold at Harvard for measures of airborne &ndio and markers of fungi.

Evaluation of Autonomic Responses to CAPs in CdiettlioExposure Studies:Holter
recordings from our previous Toronto exposure swsidiave been sent to Harvard and
analyzed for HRV. Statistical analyses are ongoargl initial results show an
association between increasing diastolic BP andedstng HRV during exposures. The
results will inform the current study by enablingetinvestigators to assess the
interrelation between pollution exposures, HRV aotoic responses, vascular, and
inflammatory responses.

Evaluation of Ambient Exposures on Baseline Systeiniflammation: Dr. Aaron
Thompson from the Toronto group just completed akwerm at Harvard as part of his
training in Occupational Medicine. In collaboratiwith Harvard and the Toronto group,




he evaluated the contribution of prior ambient yidn exposure on pre-exposure
(baseline) systemic inflammatory measures.

Acute Blood Pressure Changes in Outside Workefs a direct result of the blood
pressure responses observed in our CAPs studiddSarstudent is carrying out a pilot
project in outside workers (e.g., University of ®oto grounds keepers). Starting July
11, 2008, over the summer and fall he will meaflwed pressure at the start and end of
a work day and also obtain both personal and aveanBasures in 20-30 outside workers
to test for associations between BP changes antbRdNt.

Publications/Presentations

At present, there are no direct publications from gtudy.

A number of manuscripts are planned once suffiailata is collected, including:

1. Design of a human exposure facility for coarseg fend ultrafine concentrated
ambient patrticles;

2. Comparison of cardiovascular responses to coardefiag concentrated ambient
particles;

3. Acute nasal and respiratory responses for coarsepaed to fine concentrated
ambient particles and;

4. Heart rate variability during acute exposures tarse and fine concentrated ambient
particles.

In addition, manuscripts in preparation listed kelwill inform the current project.

These were made possible through our collaboratigtisHarvard, Environment Canada

(Dr. Jeff Brook), Health Canada (Dr. Ling Liu) atiee University of Michigan (Dr. Rob

Brook):

1. Fine CAPs induce an IL-6 inflammatory responsesithimatics and non-asthmatics;
Air pollution and systemic inflammation: Interlenké, fibrinogen & the criteria
pollutants;

Exposure to fine CAPs = £Oendothelial function, BP and systemic inflammugtor
responses.

2
3
4. HRV and BP changes during exposure to fine CAPs;+ O
)
6

Blood endothelins and NO metabolites in responseotdrolled fine CAPs + ©in
young healthy asthmatics and non-asthmatics anHiidren and;

End-tidal CQ (capnography), a sensitive marker of ventilatienifpsion changes in
response to fine CAPs +3@h young healthy individuals.

Future Activities:

Human Exposures. Exposure testing will continue until 25 subject® aompleted.
Interim analyses will be carried out to guide fetwork.

Supplemental Keywords concentrated air particles, acute cardiovasaffacts, coarse
particles, fine particles, vascular dysfunction

Relevant Web Sites http://www.hsph.harvard.edu/epacenter/
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Objective(s) of the Research Project:

The objective of this project is to differentiateettoxicological effects of locally emitted
and transported particles. To do so, short-terhr &nimal exposures to concentrated
ambient fine particles (CAPs) were conducted duthmg time periods of 5-10 am and
10:30 am-3:30 pm. Starting inhalation exposure$ a@m, before significant vertical
mixing takes place, captures particles predomigdraim local sources, while, exposures
starting about 10:30 am are relatively more endchmetransported particles. Specific
biologic outcomes included: breathing patternsjcaidrs of pulmonary and systemic
inflammation, blood pressuren vivo oxidant responses in the heart and lung, and
guantitative morphology of lung and cardiac vessgtscontrol for circadian variations
all outcomes were assessed during both time perind®lation to those of filtered air
(sham) exposures. Animal exposures were charaetetising continuous measurements
of particle mass, size, number, and black carbsmwell as integrated measurements of
particle mass, sulfate, elements, and organicairStrof rats used include Sprague
Dawley (SD), which we have used extensively in pmes CAPs studies, Spontaneously
Hypertensive Rats (SHR), a sensitive model in mgtaogies, and Wistar Kyoto (WKY)
the strain control for SHR rats. Studies of cgpdimonary mechanisms in relationship
to in vivo oxidant responses in the heart and lung werecaseed out using CAPs.

Progress Summary/Accomplishments

Early-late experiments. Exposure data from all the experiments are shiowhable 1.
CAPs mass concentrations (Early - 505.8 + {87 and Late 407.2 + 45 Tg/nt) were
slightly higher than previous published studiesrfrour laboratory, and not significantly
different from each other using a paired two-tailetest. There are significant
differences in black carbon and elemental carbdwden the early and late exposure,
supporting the premise that the early exposure dvdad more influenced by local
(primarily traffic sources) whereas the exposuegsrlin the same day were more likely
to contain transported particles. Since these raxpats were not done in the summer
(when diurnal variation in sulfate production frasridation of SQ is greater than in
other seasons), there is no significant differencesulfur between the morning and
afternoon. In these studies, in addition to greétack and elemental carbon in the
morning, iron, nickel, and copper levels were agmificantly higher in the morning.



When these data were analyzed using the ratiospieaific component to the total fine
mass (or fraction of the component) essentially game findings were observed with
more robust p-values. Thus, elemental carbon, coppel nickel were significantly
higher in the morning. In addition, several compusewere found to be significantly
higher in the afternoon. These include sodium, ggiten, magnesium, manganese, and
silicon. The sulfur fraction was higher in the afi@on than the morning, but this
difference was not significant. Even though staiadly significant differences were
found between AM and PM exposures, the differemeae modest.

Table 1. CAPs mass and component concentrations dog the early and late
exposure periods (concentrations are expressed jig/n? and fractions in %)

Measures Early mean+SE Late mean+SE p=

CAPs Mass 505.8 + 75.8 407.2 £ 45.7 0.083
*Black Carbon Mass 10.5+£0.9 73+11 0.002
*Elemental Carbon 225+26 16.5+2.8 0.032
Organic Carbon 72.2+6.9 67.3+6.9 0.505
Total Carbon 94.9+9.0 83.8+9.5 0.261
Sodium 89+26 104+£2.9 0.181
Chlorine 9.7+ 3.6 13.8+6.2 0.174
Silicon 95+1.6 88+1.1 0.448
Aluminum 3.4+0.6 3.1+04 0.437
Sulfur 37.0+£5.9 35.7+5.3 0.832
Calcium 6.3+0.9 6.1+0.8 0.761
Titanium 0.33 +0.05 0.26 +0.04 0.108
Potassium 2.8+0.3 2.7+0.3 0.465
*Iron 13.3+1.9 9.7+1.0 0.035
Zinc 1.0+0.1 1.1+0.1 0.857
*Nickel 0.07 £0.015 0.04 +.007 0.033
Vanadium 0.03+0.01 0.01 +.009 0.144
Magnesium 1.2+0.3 14+0.3 0.293
*Copper 0.4 +£0.06 0.2 +0.03 0.019
Manganese 0.2+0.03 0.3+0.04 0.349
*EC Percent of Mass 53+£05 39+04 0.007
OC Percent of Mass 17.8+1.7 18.7+15 0.586
TC Percent of Mass 23.1+2.1 225118 0.753
*Sodium Percent of Mass 2.3+0.7 2.7+0.7 0.026
Chlorine Percent of Mass 2.3+0.9 3.1+1.3 0.180
*Silicon Percent of Mass 25204 29+05 0.040
Aluminum Percent of Mass 0.89+0.17 1.03+0.19 0.107
Sulfur Percent of Mass 75+0.7 8.6+0.8 0.123
Calcium Percent of Mass 1.6 £0.3 2.0+0.4 0.056
Titanium Percent of Mass 0.09+£0.01 0.09 £0.02 0.814
*Potassium Percent of Mass 0.68 = 0.07 0.77 £0.08 0.017
Iron Percent of Mass 3.3+04 29+04 0.226
Zinc Percent of Mass 0.25+0.03 0.29+0.04 0.429
*Nickel Percent of Mass 0.019 £ 0.004 0.009 + 0.001 0.025
Vanadium Percent of Mass 0.007 £ 0.002 0.003 £ 0.002 0.074
*Magnesium Percent of Mass 0.29 £0.07 0.39 £0.07 0.048




*Copper Percent of Mass 0.09£0.01 0.07 £0.01 0.043

*Manganese Percent of Mass 0.06 £0.01 0.08 £0.01 0.040

These data can also be assessed by strain forseabhcarried out. These analyses are
shown for selected elements in Table 2. In thelyas, it can be seen that for specific
experiments there are greater differences betweely end late exposures than are
apparent in the overall averages. Different lewdlgxposures received by the different
strains and seasonal groups were due to the randoiations in composition of the
ambient pollution in Boston for different exposuiays.

Table 2. CAPs mass and component concentrations dog the early and late
exposure periods by time of year and by strain (carentrations are reported in

pg/nt, particle count is in 1,000 particles per cr)
Strain / Group Fine Mass | Black Carbon [Particle Count] 0OC EC TC Na Mg Al Si S
SD-CD Early 14+ 1764 66+ 4.1 72+ 48 4772 14.91 B2 3 1264 100 297 230 31.04
o SD-CD Late 071+ 932 3B+ 18 147+ 38 47.85 0.03 5653 1073 071 2.: 7.20 2550
= MKY/SHREaly | 214+ 1700 BAx 57 Nik £ NiA 7400 | 253 | 93E8 1694 264 .25 1630 | 2047
E WHY/SHR Late 10+ 2636 73t 81 Hit: HiA £1.38 1262 | 75m 1855 281 48 1351 3025
“  IEarly M70: 1814 77+ B2 72+ 48 5041 1275 | 7815 1420 186 451 1230 | 2025
Late 237 & 2117 BE+ 6.1 47+ 20 B2 1123 | 6505 1467 184 252 1040 | 2848
SD-CD Early 55+ 2100 Bh+ A7 18+ 43 7225 1271 | oogr 144 067 412 12.00 14.40
SD-CD Late 2510+ 2622 71t 208 98+ 43 7751 16557 | oz 262 0.89 452 12490 14.20
= IWKY/SHREaly | =120+ 7355 152+ 125 75+ 104 2403 2120 | 11613 Q.50 1324 306 276 5022
2 |wKY/SHR Late | 452+ 3823 9%t 86 #H6+ 104 7095 | 2243 | 10339 | 1253 150 267 798 .08
Early B106 + 65348 128+ 117 B 03 eoaz | 66 | weae | GST 1.10 3.9 004 42 06
Late 2|00+ 2424 Ba: 143 125+ 45 7o06 | 2057 | ooms 202 128 2 071 31.24

Twenty one repetitions of the early-late experirsemere carried out, and animals were
studied for breathing pattern, BAL, and chemilurstence outcomes, in each treatment
group for each strain. The numbers of animals stligirovided sufficient power to
examine differences between groups, based on ewigms studiesTable 3 shows the
difference between all early and late sham
exposed animals for respiratory
parameters. Since there are significant
differences between these animals, the
need to control for diurnal variation in

Table 3. Early-late differences in sham
animals indicating significant diurnal
effects may influence these exposures.

A * SE p value . .
T 507 + 457 ~0o0oo01] analyses of respiratory parameters is
Tv 0.06 + 020 NS emphasized. All Data reported in this
Ti -0.03 + 0.01 =0.0001 study are presented as continuous
Te -0.02 + 0.00 <0.0001] differences in parameter measurements
Penh -0.22 + 0.05 <0.0001] between CAPs and Sham animal
EIP 0.26 + 0.31 NS exposures to compensate for this diurnal
EEP -16.4 + 4.37 =0.0002| \/4riability.
EF50 0.51 + 1.27 NS
::ﬁ:F 1:22 i ;gg E: For all rat strains, breathing pattern and

vivo chemiluminescence studies show
significant differences between CAPs and Sham axpss With breathing pattern there
iS an increase in respiratory frequency with conicamb shortening of the time of




inspiration and expiration. Statistical modelingswesed to assess the size and strength of
association between CAPs or Sham exposure andreaphratory outcome. Additive
mixed models were applied to 10-minute averaged datlected from all CAPs and
Sham animals during AM or PM exposure to estimatzall, time -and species-specific
effects of exposure. The models represent an sxterf linear regression models that
make it possible to estimate exposure effects wiijecontrolling for potentially non-
linear effects of time within exposure period, g8§lincluding random animal effects to
account for correlation among repeated measurenakés on the same animal during
the exposure period. For each outcome, four magfsy increasing level of detail for
exposure effects were run. These models correspgotmleestimating overall, time-
specific, species specific effects, and time-sjpeaffects for each species. Random
forests methods were used to rank the importaneadi measured CAPs component in
predicting differences between CAPs and filtered aitcome means. This approach
represents an extension of classification and ssgye trees (CART), identifying
predictors that yield the largest gains in predittaccuracy of the response (in this case
the CAPs-Sham mean difference in outcome for angasgposure) achieved by CART
when applied to multiple bootstrap resamples of dhginal data. This analysis was
supplemented by plotting raw CAPs - Sham mean réifilees for each outcome versus
the components identified in the random forest ysisl

With breathing pattern, there are substantial tffiees between the spring and the fall.
The overall pattern tends to follow the fall pattefThere was much greater variability in
spring. Overall, there is an increase in respiyafequency with concomitant shortening
of the time of inspiration and expiration. An oVkracrease of frequency was seen in all
groups/strains with CAPs exposure compared to omtf13.081+3.139 p<0.0001). This
increase was also significant in the early morremgosure for the 3 strains (SD, SHR
and WKY; 0.01). Inspiratory and expiratory times were dasesl overall (-
0.007+0.003 and -0.013+0.005 respectively0,05). Figure 1 shows the change in
respiratory parameters for early morning and lag exposures by strain and overall.
Although responses for animals exposed in the mgrniere often greater than those of
animals exposed in the afternoon, this differenas anly significant for frequency in the
SHR rats (p=0.0393). Tidal volumes tended to ineeea the overall analyses and there
were no early-late differences that were significmspiratory and expiratory flows had
some statistically significant differences, butshéended to be increases. With increases
in tidal volumes and flows in these experimentseréh does not appear to be
toxicologically significant changes in pulmonannétion, even though there is a definite
change in breathing pattern. The rapid shallow epattsuggests that the morning
exposure was sensed by the animals to be suffigiemitative to change breathing
pattern more so than in the afternoon. Howeveanghk in breathing pattern was not
accompanied by decrease in volume or flow sugggdtiat there was not either a
bronchoconstrictive change or inflammatory chamgthe airways. This lack of change
in these parameters was corroborated by BAL anwoblbgical findings which did not
show any significant changes.

Changes in the pause parameters also showedchitiege between the early and late
exposures. Penh showed a significant increaselbwerthe morning exposures which



appeared to be largely related to the changesisnpdwrameter for SD rats in the fall
exposure group. Univariate analyses indicated Vewy significant relationships. The

random forest analysis for frequency and the ptedicanking of elements associated
with that response are shown in figure 2. The imiahip between CAPs vs. Sham
differences in frequency and concentrations of firt 4 ranked components in the
random forest are shown in figure 3 along with mplots for BC and total sulfur. Zinc,

lead, calcium top the random forest list and alehaignificant positive relationships

(increasing change in frequency with increasingceatration of the component). Tin

(Sn) has a negative relationship. Sulfur has a vemditive relationship, but there is no
relationship with black carbon.



Figure 1:

CAPs vs Sham Differences In Respiratory Parameters
A * Standard Error By Season, Strain and Exposure Group
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Figure 2: Dose-respiratory frequency response of béxposure components using the

random forest as an approach to multivariate analys
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Figure 3. Scatter plots of changes in

concentrations of components identified by randomdrest ranking.
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In summary, diurnal differences in breathing pattevere found, and these pattern
differences were enhanced by CAPs exposure. Respafig&nimals exposed early in the
day were greater than and different from the respsrof animals exposed at mid day.
Responses of animals exposed during the spring vesedifferent from the responses
of animals exposed during the fall. The basishi$ difference is not explained by
differences in exposure composition, but differenicemeteorological conditions such as
temperature and hours of light need to be furtheloged. Changes in respiratory
parameters were not strongly correlated with exqueclifferences in black carbon and
sulfur concentrations. Zinc, an element usuallyardgd as an emission of diesel engines,
had similar concentrations in the morning and nagi;dout was consistently ranked as
one of the components most strongly associated etiimges in respiratory parameters.
Sprague Dawley and SHR rats had comparable respomgbe exposures, while WKY
rats consistently had a lesser response to the sxpesures. These results were
presented at the 2008 American Thoracic Societytingea Toronto by Dr. Edgar Diaz.

Data from the in vivo chemiluminescence studieswshioat the lung had significant

effects of CAPs exposures whereas chemiluminesagrargges in the heart did not reach
significance in these exposures. There were saanifichanges with both early and late
exposures, and analyses showed that early andrdapmnses were not significantly
different. Because the CAPs effects from the ddférrat strains were not significantly
different from one another, and the CAPs effectsnduearly and late exposures were
also not significantly different, component anafyseith the heart and lung data
estimated overall concentration slopes not segeelday strain or early/late exposures. In
these analyses, no cardiac effects were found usingariate or multivariate analyses.
Table 4 illustrates many components with signiftcanivariate relationships to lung

chemiluminescence, but none of these were significemultivariate analyses.

Table 4. Effects of specific exposure components amvivo lung chemiluminescence.
using univariate analyses

Element/ Estimate + SE | P value
Component
CAPs Mass 0.012+0.005 0.027

Organic Carbon 0.106+0.038 | 0.0064
Elemental Carbon | 0.298+0.121 | 0.016

Al 1.573+0.739 | 0.036
Si 0.577+£0.267 | 0.034
S 0.132+0.061 | 0.033

Fe 0.509+0.218 | 0.022




Overall, the analyses largely confirm our earliegndges and findings with CAPs
exposures in Boston. It is of particular interdsat, apparently, despite statistically
significant differences in the composition of eaatyd late exposures on given days, there
is no significant difference in toxicity. It seertst our studies have adequate statistical
power, since we were able to detect significantrrdil differences with respiratory
patterns, significant strain differences, as wsliGAPsvs Sham differences. Since both
early and late exposures show significant toxiamith no significant difference in the
biological outcomes between the two exposure psrititese results do not suggest any
difference in the toxic potential of local and tsanrted sources.

Exposures of WKY and SH rats, monitoring blood pues, electrocardiogram, and
blood parameters have been completed, and datgsasalre in progress.

Mechanistic studies using In vivo Chemilumenescence: A number of important
mechanistic studies in this area have been contpiat¢he past year supported within
this project (Rhoden et al 2008; Ghelfi et al 2008)ese animal studies are important
correlates to the studies of oxidant stress andnamtic function in Project 1. Studies
(Rhoden et al 2005) supported in Project 4 sugtest ambient particles modulate
autonomic tone leading to cardiovascular oxidamsstand dysfunction. The relationship
between inhaled CAPs, neurogenic signals fromuhg,land effects on cardiac oxidative
stress, has now been directly investigated (Gleeléil 2008). In these studies, the effect
of blockade of vanilloid receptor 1 (TRPV1) was ess®ed in relationship to CAPs-
induced cardiac oxidative stress and dysfunctioa mat model of inhalation exposure.
Capsazepine (CPZ), a selective antagonist of TRRR}§,given intraperitoneally or as an
aerosol immediately before exposure to CAPs. Cobrdral CPZ-treated rats were
exposed to filtered air or CAPs aerosols for 5 baising the Harvard Ambient Particle
Concentrator (mean PM2.5 mass concentration: 218 tig/nf). At the end of the
exposure, cardiac oxidative stress was measured usisitu chemiluminescence: CL),
lipid peroxidation (TBARS), and tissue edema. Cacdifunction was monitored
throughout the exposure, and measures of heartthatet rate variability, and cardiac
conduction times were assessed. As shown in Figu€PZ (aerosol) decreased CAPs-
induced CL. Lipid TBARS and edema in the heart waenalarly affected indicating that
blocking TRP receptors, systemically or locallyciases heart CL.



Figure 4. CPZ aerosolization prevents oxidative s&ss in the heart of rats exposed to
CAPs as measured with in vivo chemiluminescence. Wes represent the mean of
eight independent determinations + SEM. *p < 0.05.
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CAPs exposure led to significant decreases in HRPEC350+£32 bpm, control: 370+29),
and in the length of the RT, Pdur, QT and Tpe vk These changes were observable
immediately upon exposure and were maintained tirout the 5 hours of CAPs
inhalation. Changes in cardiac rhythm and ECG muggy were prevented by CPZ.
These data are shown in Table 5 below.

Table 5: Change in ECG Parameters during Acute Expsure to either Filtered Air
or CAPs with CPZ blockade of Vanilloid receptor 1 n the lung.

ECG Segment
Group
RT () RTp (s} Pdur (s) QT (ms) Tpe (5}
Control 0.048 + 0,009 0.022 + 0.003 0.0415 + 0.002 0.080 +0.003 0.025 + 0.008
cpz 0.044 + 0,005 0.022 + 0.002 0.016 + 0.004 0.056 +0.003 0.022 + 0.005
CAPs 003840008 0019:0005*  0017+0005 0051 £0003*  0.020+0007"
CAPsiCPZ  (0.045+0.010 0.020 + 0.003 0.016 + 0.002 0.058 +0.003 0.026 + 0.008

*p<0.01,* p<0.005

The findings in Table 5 suggest that cardiac cotidaccurrent abnormalities in CAPs-
exposed rats alter action potentials leading tongbs in conduction velocity and



ventricular repolarization. Taken together thessults suggest that inhaled CAPs
stimulate TRVP1 (and possibly other pulmonary amit receptors) and thereby activate
autonomic nervous system reflexes. The end re$uhi® reflex activation is increased
cardiac oxidative stress, and functional cardiaectebphysiologic changes including
increased P-wave duration and QT interval and dseck QRS and Tpe durations. Thus,
CAPs exposure results in cardiac current abnorieslieading to changes in conduction
velocity and ventricular repolarization, and thaigdering of TRPV1-mediated
autonomic reflexes in the lung is essential for dimserved changes in conduction,
repolarization and cardiac rhythms.

In other mechanistic studies, Rhoden et al (20@8@dwa specific blocker of superoxide
anion to assess the role of this oxidant in inductf pulmonary inflammation with
instilled ambient particles. The findings of tkisidy indicate that superoxide anion plays
a significant role in the development of inflamnoati Investigators of this project have
also carried out additional analyses of studies ptetad in the previous center and
published these studies (Wellenius et al 2006).omamt reviews of the cardiovascular
effects of air particulate on the cardiovasculastem (Godleski 2006) as well as gave
several invited presentations at national meetiogsthis topic were given by Dr.
Godleski. Finally, in collaboration with the sstical core of the Center, a number of
statistical methods papers have been published &ylars of core and this project
(Nikolov et at 2007, 2008)
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Objective(s) of the Research Project:

Because particulate and gaseous source emissi@@ganmany transformations once
released into the atmosphere, it is likely thatosdary and primary pollutants exhibit
different toxicities. Since most of the source-sfietoxicity studies to date have focused
on primary pollutants, there remains a great neenh\testigate the relative toxicity of
source-specific primary and secondary particles. N&ee recently probed directly into
this question with the Toxicological Evaluation Realistic Emission Source Aerosol
(TERESA) Power Plant study, a research projectddnaly the Electric Power Research
Institute (EPRI) and the previous Harvard EPA PM€e This study was designed to
investigate the relative toxicity of primary anateedary particulate emissions from coal-
fired power plantsjn situ, and to explore the relationship between secongarticle
formation processes and particle toxicity. As paftthe TERESA study we have
developed techniques and facilities to sample oamgissions, form secondary particles
inside a photochemical chamber, and expose anitoalsoth primary and secondary
particles. The TERESA approach forms an excelleahdation for future research, as it
can readily be adapted to investigate other condoustources. Using the developed
technologies, this project extends this researctihto toxicological investigation of
primary and secondary pollutants from vehicular lfifeosource) emissions released from
the ventilation stack of a large roadway tunnehwitthe northeastern United States. We
are in the preparation stages for this project Whidtcompare the relative toxicity of
primary and secondary mobile source emissions withcentrated ambient particles
(CAPs) and with primary and secondary coal powanpkmissions from the current
TERESA study.

The specific hypotheses of this project:

» Exposures to fresh and to photochemically oxidizebile source emissions will
induce cardiovascular responses in normal animals;

* Atmospheric photochemical processes enhance thatyoaf gases and particles
emitted from motor vehicles, and;



* Animal models of susceptible populations (e.g.,ns@oeously hypertensive rats)
will have greater biological responses to partideginating from motor vehicles
than the corresponding normal animal model.

Progress Summary/Accomplishments:

Permission to use an urban tunnel to provide mobilsource emissionsThe original
plans for TERESA experiments, starting with fundingm EPRI, and then expanded
with funds from both DOE and the first Harvard EPM Center, included the goals of
comparing the health outcomes from both stack ga® fcoal-fired power plants and
from mobile sources with health outcomes from cabreged ambient particles (CAPS).
After the power plant studies were initiated, wed hdiscussions with the original
TERESA scientific advisory committee about the beay to conduct the mobile source
experiments. We quickly concluded that to get nregfnl results it would be necessary
to use actual traffic emissions rather than colgdobemissions from lab tests using a
dynamometer with only one or a few vehicles. Tothge most representative mixtures of
actual vehicle emissions, and to maximize the @omnssoncentrations, we decided that
traffic tunnels would be the optimum sources.

We made initial contacts to local agencies resgd@gor urban tunnels not long after we
first began the TERESA project. We quickly conclddkat the ideal sampling location
should be at one of the ventilation shafts for timenels. We have had a long series of
considerations to identify an appropriate site abthin permission for use. This process
has taken more than two years. However, we now baen given approval for use of an
urban site which we will further characterize imts of traffic mix and traffic emissions.

Preliminary laboratory chamber tests for simulation of secondary particle
formation from mobile source emissions: Based on the experience and knowledge
gained from the power plant studies, we were pexpty make the adaptations necessary
to convert our mobile laboratory reaction chamlvemf the requirements for producing
secondary particles from power plant stack gash® requirements for producing
secondary particles from mobile source emission3he fundamental chemistry for
power plant stack gas that is relevant to the TERE®dies is the oxidation of $S@o
form acidic sulfate aerosol. Hydroxyl radical sed for the oxidation, and it is produced
by high energy UV irradiation of ozone. Becauserezreacts most rapidly with NO
present in the stack gas, excess ozone has todeel &0 have enough to use to produce
hydroxyl radical. In addition, because the staak i diluted with dry air, and because
water vapor is necessary to promote the oxidatloemmistry, humidity of the reaction
chamber is added using a small steam generator.thEamobile source emissions, the
relevant reactions involve oxidation of volatileganic species (VOC’s) by hydroxyl
radicals (and ozone), in the presence of mediunmiggneV light (similar to natural
sunlight). Unlike the power plant stack gas, egoe®zone does not need to be added to
titrate NO that is present in mobile vehicle exliayss; ozone concentrations increase
rapidly in the chamber once the lights are turned W/ater vapor must also be added to
promote the oxidation of VOC’s. The primary difece in the reaction chamber



requirements for mobile source emission secondaryicte production is the use of
lower energy UV lamps.

We have started preliminary laboratory tests fobieosource emissions using the same
chamber that was used for the power plant studye uadé lower energy UV lamps. A
ten-year old compact automobile is used as a safr@mnissions. The engine is run
slightly fuel-rich during experiments, causing im@ént fuel combustion and resulting in
CO concentrations similar to those observed inhigaway tunnel. With the engine of
the car idling, we expect that the CO concentraisoa reasonable surrogate for VOC's.
By diluting the exhaust gas to produce differenbwn CO concentrations, we are thus
able to control the VOC concentrations in the chamdnd produce enough secondary
aerosols to be in the range of concentrations rmkdole animal exposure tests. Our
laboratory development tests will also involve a#ian in the flow rate through the
chamber, to determine the effects of residence tmeparticle mass formation and
particle size distribution. We also plan to test #ffect of different concentrations of
water vapor. Finally, the parallel plate membrdeeuder, used in the TERESA power
plant study to minimize concentrations of gaseowospalutants in the exposure
atmospheres, will be evaluated for its efficienayremoving unreacted VOCs in the
diluted and aged automobile exhaust mixture.

Publications/Presentations:

This project is the continuation of the TERESA stildat was designed to compare the
health effects of simulated secondary aerosol dat-ired power plants with the effects
from simulated secondary aerosol from vehicularseal These efforts were supported
by the previous Harvard/EPA PM Center, as well yghe current Center, and other
support was provided by both EPRI and DOE. Analysithe results from the three
coal-fired plants has been under way for the lastytears. The results of these analyses,
along with descriptions of the experimental methasincluded in nearly final drafts of
manuscripts to be published in a special volumhnldlation Toxicology. These papers
will compare health outcomes for the different pdamvhich use different types of
scrubbers to clean the stack emissions, and vat a@clude comparisons with health
effects found for exposures to Concentrated AmbiRatticles with those from the
simulated secondary aerosol from the power plahfier the mobile source emission
study health effects have been determined, wepwitlish a comparison paper that will
include all three types of aged aerosols.

Future Activities:

Our goal is to complete laboratory tests by the ehthis fall, and start field tests next
winter. Keeping this schedule will depend on ssstid completion of the lab tests and
formal approval from the Mass Turnpike AuthorityheT initial field tests will require
optimizing the features of the reaction chambercdaespond to expected differences
between the single vehicle exhaust used for lais tewd the mixed vehicle exhaust from
the traffic tunnel. We expect it will take a fewonths to complete the optimization tests.



Toxicological exposures to primary and secondargsads from vehicular emissions are
expected to be completed before the end of yeatkisoCenter.
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