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ABSTRACT
SAMANTHA JEAN SNOW: Ultrafine particles alter endothelial phenotype through oxidant

signaling
(Under the direction of Dr. Martha Sue Carraway and Dr. David-Baxhez)

Mechanisms that underlie the strong association between air pollutionuex @l
cardiovascular (CV) morbidity and mortality remain unknown. Particulate matter (PM) is a
major component of air pollution and ultrafine (UF) particles, which are the smallest
diameter particle, are of particular importance in CV dysfunction cadogeposure to air
pollution. UF particles can deposit in the heavily vascularized region of theahahtpe
soluble components of UF particlésoluble UF)are able to cross from the lung into the
circulation andadverselyaffect cells of the vasculat such as endothelial cellEndothelial
cell activation, as characterized by an increageagtive oxygen species (RO@pduction,
initiation of coagulation, and induction in inflammation, is a pathophysiological mechanism
that could link inhaled aipollutants to vascular dysfunctionThis project will test the
hypothesis that soluble UF cause altered endothelial cell phenotype through activation of
oxidant signaling that mediates procoagulant and proinflammatory responses. EA cells, an
immortalized endothelial cell line, and primary human coronary artery endothelial cells
(HCAEC) were assessed for their production RODS procoagulant activity, and
proinflammatory responses following exposure to-ngiotoxic doses of soluble UF. We
show that exposure to soluble UF results in immediate increases in axdrantracellular
H,0O, productionfrom NADPH oxidase (NOX) enzymeas endothelial cells. Furthermore,

soluble UF PM increased the expression of proinflammatory mediators and induced



endothelial procoagulant activity via a tissue factor {dépendent mechanism.
Pretreatment with antioxidantand NOX inhibitors attenuatd the soluble UF-induced
upregulation ofthe procoagulant proteilF, the proinflammatory cytokine HL b , and t he
oxidant stressnducible protein H@L, linking the procoagulant and proinflammatory
responses tROSformation from NOX enzymesThese novefindings provide mechanistic

insight into the endothelial dysfunction and enhanced thrombosis that underly increased risk

for CV morbidity and mortalityassociated with air pollution exposure.
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CHAPTER 1

INTRODUCTION

In the early 28 century, a series of air pollution incidents in Meuse Valley, Belgium
(1930), Donora, Pennsylvania @®, and London, England (195Rustrated the adverse
effects individuad experience during severe air pollution episodes. These events occurred in
heavily industrialized cities during a meteorological inversion that concentrated the already
severe air pollution and resulted in increased hospitalizations and elevated ratetadfy
(Stanek et al., 2031 These incidents raised public awarenabeutthe severity of air
pollution, led to new regulations across the developed wanhdl spurred investigators to
conduct epidemiological and toxicological sksl to establish the relationship and
mechanisms behinair pollution exposurand adverse health effects.

For decades, research has illustrated the association between air pollution exposure
and adverse pul monary ef f @dentegdemidiogidalDackery wa s n 6t
et al., 1993 and toxicological studie@Costaand Dreher, 1997began linking air pollution
exposure with adverse cardiovascular (CV) health effects. Subsequent epidemiological
studies have demonstrated that exposure to air pollution results in increased hospitalizations
for circulatory diseasefPoloniecki et al., 1997 increasedrisk of myocardial infarctions
(Peters et al., 2001landincreasedisk of CV disease mortalitgPope € al., 2003. It was
also found that these adsge effects were more pronounced in susceptible populations, such
as the elderly and individuals with preexisting CV or pulmonary dise@esk et al.,

2004). Additional toxicological studies have shown that exposure to air pollution induced



systemic oxidative stress in mic@raujo et &, 2009, accelerated atherosclerotic
progression in susceptible mou&un et al., 2006and rabbit model§Suwa et al., 2002
and enhanced experimental arterial and venous platelethrizinbus formation in hamsters
(Nemmar et al., 2003

The enactment of the Clean Air Act in 1970 required the Environmental Protection
Agency (EPA) to set Natial Ambient Air Quality Standards for six criteria air pollutants
including particulate matter (PM), ozone, carbon monoxide, sulfur dioxide, nitrogen oxides,
and lead. These air pollutants were deemed to be ubiquitous in the United States and were
suspeatd or known to induce adverse health effects in humans or the envirofBnénét
al., 2000. Of these six criteria air pollutants, PM andwgnd level ozone present the most
widespread threat to human health and are known to commonly exceed the federal standards
set by the EPALaumbach, 2010

PM is categorized based on the diameter of the particle: coarse particlgs §FRMO
to 2.5um, fine particles (PMs) are 2.5 to 0.Jum, and ultrafine particles (JPPMp 1) are
<0.1pm. PM is derived from an assortmaitnatural and manufaated sources including
forest fires, soil, dust, volcanic emissions, vehicular exhaust, smokestacks, and other
industrial source¢Poschl, 200p PM is a heterogeneous mixture with composition varying
depending on several factors such as geographical location, time of day, season, and local
emission sourcesCommon constituentsf PM includetransition metals, elements, inorganic
ions, volatile organic compounds, and polycyclic aromatic hydrocatbahsreadsorbed on
a carbon cordPolichetti et al., 2009 Urban UF particles are primarily associated with
motor vehicle exhaustdm both diesel and gasoline engines, but can also be formed by

chemical reactions in the atmosphéeutas et al., 2005



The EPA currently monitors and regulates coarse and fine PM according to the Clean
Air Act, but increasing evidence suggests that UF particles, which are not currently
regulated,are of particular importance in CV effects of air pollutidwel, 2005. UF
particles make up only a small portion of ambient PM by mass concentration; however, they
constitute the majority of particle number per unit mass and have a significantly high surface
areato-mass raticas compared to coarse and firgtles This property suggests that UF
particles are capable of adsorbing large amounts of toxic substances on the surface. In
addition, the small diameter of the particle makes it more likely to deposit in the alveolar
region of the lung due to Browam motion and diffusion transportatigireyling et al.,
2004). UF particles are also able to stay in the lung longer than the fargeandcoarse
particles because their small diameter makes them more likely to avoid being recognized or
phagocytized by alveolar macrophages, a critical lung defense menoh&uvszalez et al.,
1996.

The specific mechanisms that explain how inhalation of PM through the lung leads to
adverse CV health effects are still being determin€dere arehree broad hypotheses that
are currently being investigatedo explain this association. Thesechanismsnclude 1)
imbalance of the autonomic nervous system that leads to alterations in heart rate variability
and cardiac arrhythmias, 2) induction of pulmonary inflammatory cytokines and reactive
oxygen speciefROS) that induces systemic inflammation and oxidative stress, and 3) direct
activation of cells of the vasculature from PM agents that have crossed into the circulatory

system (Figure 1.1(Brook, 2008.



Figure 1.1
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Figure 1.1 Broad biological pathways whereby PM may cause CV even{Brook, 2008

These theories amot necessary mutually exclusive and can act in conjunction with
one anotheand nultiple studies have been conducted that support each offtipestheses
The general pathway(s) that an exposure iwitlate depends upon several characteristics of
the exposureincluding whether it is an acute or chronic exposure, whether it is a
multipollutant or single exposure, and the size and composition of the particles if the
exposure involves PM. For instandahaled coarse and fine PM deposit in the larger
airways of the lung, whereas UF PM deposits primarily in the heavily vascularized alveoli
region of the lung where its componentayinteract with the circulatory system and thereby

follow the third general pathay described above.
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It remains uncleaas to whether UF sized particles can cross from the lung into the
vasculature. A study by Nemmar et al. exposed humans to an aerosol of radioactive
PMechnetium ¥™Tc) labeled UF carbon particles followed by imagio determingarticle
distribution following inhalation(Nemmar et al., 2002 They found a majority of the
radioactivity remained inhe lungs but also recorded levels of radioactivity in the blood,
urine, bladder, and liversuggesting extrapulmonary translocation *8FTc labeled UF
carbon particles. These researchers have reported similar results using animal models
following exposue to radioactive labeled UF particl@demmar et al.,, 20Q1 However,
there are several caveats to these studies. For instance, the investigators hleréouna
detect the radioactive labeled UF particles in the blood using electron microscopy. In
addition, a study conducted by Mills et al., which also exposed humah&rmlabeled UF
carbon particles, found no evidence of extrapulmonary translocatiadheofadioactive
labeled particlegMills et al., 200§. They instead explain the findings of Nemmar et al. by
suggesting leaching of the radiolabel from the UF particleéoanmbntamination of free
radiolabele **™Tc-pertechnetate in their aerosol, which is formed using the same generator
but with minimal oxygen contaminatiolhesefindings are supported by an additional study
in which COPD patients were exposed18Tc labeled UF carbon particlesth no evdence
of extrapulmonaryranslocation of theadioactive label particlg8rown et al., 200R

While it is uncertain whether UF patrticles can enter into the systemic circulation in
humans, it is reasonable to postulate that the soluble components of UF particles can cross
the thin alveolacapillary membrane and cause direct effects on cells ofabeulature.For
exampletransition metalsmajor components of the soluble fractioantranslocag into the

vasculature and extrapulmonary tissues following intratracheal instillation in rats



(Wallenborn et al., 20Q9Vallenborn et al., 2007 Additionally, the ability of these metals

to translocate from the lung into the systemirculation was dependenhoheir solubility in

water (Wallenborn et al., 2007 These watesoluble transition metals are capable of

leaching off PM particles in the lung lining fluid and translocating into the circulation,

possibly via metal transporters or other mechanisms, before being cleared by the liver.
Transition medls, such as vanadium, nickel, iron, copper, chromium, and zinc, are

major constituents of the wateoluble fraction of UF particles anday play an important

role in the adverse cardiopulmonary effects associated with air pollution exjGssta and

Dreher, 199). Transition metalscan increase oxidative DNA damage, induce ROS

production, activate inflammatory pathways, and induce procoagulant events in lbth

andin vivo models(Prahalad et al., 2005angani et al., 201®orensen et al., 2008/u et

al., 2003. For example, concentrations ehydro-8-oxo-2 -@eoxyguanosine in lymphocyte

DNA was shown to be correlated with elevated levels of soluble transition rastalsiated

with fine PM in humans exposed to ambient amilution (Sorensen et al., 205 This

measurement has been used as a biomarker to assess oxidative damage caused by increased

ROS production, indicating that soluble components of PM are capable of inducing oxidative

stress following air pollution exposure. Additionally, metal oxidenaoparticles induce

inflammatory responses in endothelial c€l&ojova et al., 2007 Furthermore, transition

metals located in ambient and emissgmurce air pollution particles were shown to reduce

the clotting time in whole blood, indicating that these soluble components are capable of

inducing procoagulant events in humans following expodiBargani et al., 2010 The

mechanisms behind these adverse effects caused by theswlatde components of air



pollution particles are ndknown, but one possibility ishat the components hawkrect
effects on cells of the vasculature including inducing endothelial activation.

Endothelial cell activatiofeads to increased vascular coagulation and inflammation,
and it plays an importamole in the pathogenesis of certain cardiovascular diseases including
atherosclerosis and hypertensighwaleed et al., 20Q7 Sprague and Kbhalil, 2009
Endothelial activation is typically defined by five pripal changes that occur including loss
of vascular integrity, upregulation of human leukocyte antigen molecules, induction of
inflammatory cytokines, expression of leukocyte adhesion molecules, and a change from an
antithrombotic to prothrombotic phenotgygHunt and Jurd, 1998 Endothelial cells are
critical components of the vasculature as they line thedbl@ssels and are involved in
hemostatic balance, vasomotor tone, blood cell trafficking, permeability, and immunity. In
addition, endothelial cells have a critical role in the coagulation system and are able to
express procoagulant factors, asaagulan factors, and fibrinolytic protein@ird, 2007).

Endothelial cells are key participants in venous and arterial thrombosis formation,
which upon rupture may lead to strokes or myocardial infarcti&in. particle pollution is
associated with CV and cerebrovascular events that are triggered by ubréonimation.
Recent studies have illustrated that PM exposure can increase the risk of deep vein
thrombosis(Baccarelli et al., 2008 myocardial infarctiongMurakami and Ono, 2006and
fatal strokegKettunen et al., 2007 Endothelial activation could link inhalg®M to vasalar
dysfunction which make endothelial cells an excellent cellular model tdarsgtudyingthe

mechanisms leading ©V adverse effects due to piarticlepollution exposuréFigure 1.2)



Figure 1.2
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Figure 1.2 Schematicdiagram illustrating how exposure to soluble UF can lead to
adverse CV events.

Toxicological exposure, vessel wall damage, or pathodba@ctivation of cells of the
vasculature, including endothelial cells, can initiate the coagulation cascade. The coagulation
cascade is traditionally divided into the extrinsic and intrinsic pathways that converge into a
common pathway. Altered expsisn and activity ofissue factor TF) initiates the extrinsic
pathway of the coagulation cascade, which is proposed to be the primary initiator of the
coagulation cascada vivo, whereas the intrinsic pathway is thought to be involved in the
amplification of the coagulation cascade and recruitment of platelets to the rapidly forming
thrombus(Mackman et al., 2007 TF forms a complex with FVlla to activate FX into FXa.

FXa forms the prothrombinase complex with FVa, which activates prothrombin to thrombin.
Thrombin is involved in severalpects of the coagulation cascade including activation of
cofactors FV, FXI, and FVIII of the intrinsic pathway that leads to amplification of
coagulation, activation of platelets that are necessary components of haemostatic plug, and
activation of fibrin@en into fibrin that is the basis of the fibtimombus(Figure 13) (Ott,

2017).



Figure 1.3
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Figure 1.3 Schematic diagram illustrating the extrinsic pathway of the coagulation
cascade.

One important area for research is understanding how air pollution affects specific
components of the coagulation cascade such as thrombin generation andhfimbus
formation. There are several tools available to sssHiee functional coagulation balance of
endothelial cells following pathological injury or toxicological exposures. The Calibrated
Automated Thrombography (CAT) assay was developed to measure thrombin generation for
potential use in clinical settings asglobal test to assess hypand hypocoagulability in

blood (Campo et al., 203Hemker et al., 2002_uddington and Baglin, 2004 In recent



studies, this assay has been utilized to determine the effects of air pollution on thrombin
generation in animal and human mod@&smerechts et al., 201Kilinc et al., 2011 Rudez
et al.,, 2009 For example, Emmerechts et al. demonstrated that elevated levels of coarse PM
shortened the lag time of thrombin generation in micropaiticle plasma obtained from
diabetic individuals exposed to ambient air pollutf@mmerechts et al., 2012 In addition,
fibrin thrombusformation can be measured as a way to assessunctional coagulation
balance following exposure to air pollution. For instance, Metassan et al. have shown
increased polymerization of purified human fibrinogen in the presence of UgVieMssan
et al., 2019

Activation and upregulation of TF isnamportant initiating step in thrombin and
fibrin formation, and TF is implicated ithe effects of air pollution on the coagulation
system. Under normal physiological conditions, vascular cells that are in contact with blood
typically do not express TFso the extrinsic coagulation pathway quiescent However,
under pathological conditiorthat cause endothelial activatiohF can be preséed to the
circulation by a variety of vascular cells where it can initiate blood coagulation. TF
expression is generally suppressed in endothelial cellsadmite induced by inflammation
(Levi and van der Poll, 2005endotoxin(Colucci et al., 1988 and exposure to air pollution
(Karoly et al., 2007 Sun et al., 2008in vitro. In addition, TF can be introduced to the
circulation via vascular cetlerived micropatrticles, which are vesicles that are shed from the
plasma membranes of cells in respormsmjury, apoptosis, or activatidiviorel et al., 2005
TF-bearing microparticles have been shown to be released from several types of vascular
cells including vascular smooth muscle cells, leukocytes, plataledsendothelial cells

(VanWijk et al., 200 Microparticlesreleased from endothelial cells are an additional
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indication of endothelial cell activation aradte knownto play a role in thrombosis and
atherosclerosi€Chironi et al., 200p

There are several checks and balances throughout the coagulation cascade to prevent
pahological thrombus formation from occurring. For instance, several anticoagulant
proteins such as tissue factor pathway inhibitor (TFPI), thrombomodulin, and endothelial
protein C receptor (EPCR) play pivotal roles in counteracting the increased expressi
activation of procoagulant proteins that arise from cellular injury or pathological conditions.
TFPI is the primary inhibitor of THnitiated coagulationby binding and inhibitng the
TF/FVlla complex(Figure 13) (Bajaj et al., 200l This inhibition prevents itiation of the
extrinsic coagulation cascade until enough TF/FVlla complex is formed to pass a threshold
that would exceed the inhibitory potential of TFRCrawley and Lane, 2008
Thrombomodulin is a transmembrane protein present on endothelial cells that binds to
thrombin with high affinity. This results in activation of protein C (F@pastasiou et al.,
2012andl oss of thrombinds procoagul ant ability
adivate FV, and trigger platelet activatigRigure 1.3 Van de Wouwer et al., 20D4EPCR
is a transmembrane protein constitutively expressed on the surface of endothslidiatell
binds FVlla, which prevents the formation of the/F¥lla complex(Figure 13), and binds
PC(Navarro et al., 2001 The binding of PC to EPCR enhances the rate of PC activation by
the thrombomodulikthrombin complex by roughly 2fdld (StearnsKurosawa et al., 1996
Upon activation, activated PC (APC) inactivates the procoagulant proteinis Rvil FVa
by cleaving peptide bonds, which results in the downregulation of thrombin gend€xé&tion
de Wouwer et al., 2004 APC also inhibits PAL which promotes fibrinolys, reduces

inflammation by attenuating activation of the transcription factoraNE , and bl ocks
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mediated apoptosiéAnastasiou et al., 201Zheng et al.,, 2003 The balance of these
factors is critical, and enhanced procoagulant activity or inhibition of anticoagulant activity
could indicate an activated endothelial cell phenotype, resulting in a prothrombotic state
(Gilmour et al., 200b

There is strong crogslk between theoagulationand inflammatory pathways that
involves inflammatory mediators activating the coagulation cascadesuppressing
anticoagulant proteingnd coagulation proteins inducing inflammatidevi et al., 2004a
Inflammation predominately induces coadida by activating TF and the extrinsic
coagulation pathway leading to thrombin generafi@an der Poll et al., 20)1 For example,
proinflammatory cytokingsnamely TNFU  a n-db, hiave been shown to induce TF
expression and increase procoagulant activity in endothelial ¢Bilsarello, 199).
Inflammation is also capable ohpainng several anticoagulant pathwaffsevi and van der
Poll, 2005. Proinflammatory cytokinelsave been shown townregulate the anticoagulant
protein TM, whichin turn prevents the formation of the thrombomodtilmombin complex
that is necessary for the activation BC (Nawroth and Stern, 1986 Inflammation also
reduces levels of the anticoagulant protein antithrombin, the main inhibitor of thrombin and
FXa (Levi et al., 2004p and dowrregulates TFPI, the main inhibitor of {Belvaeye and
Conway, 2009

Similarly, procoagulant mediatoese well known to induce inflammatory responses.
For instance, thrombin activated platelets have been shown to release the CD40 ligand,
which leads to upregulation of inflammatory cytokines and increased expression of cell
adhesion molecules in endotlalicells (Henn et al., 1998 Furthermore,TF has been

thoroughly documented as having a criticge in linking these two pathwaykevi and van
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der Poll, 200h The TF/FVlla complex can bind protease activated receptors (PARS),
leading to the induction of cell signaling pathways that resulincreased expression of
proinflammatory cytokine¢Cunningham et al., 1999 Thrombin and FXa are also capable
of binding to PARs and activating these signaling pathvwihgsi et al., 2004h In addition,
it was shownin baboonsthat inhibition of TF activity prevents inflammationduced
thrombin generatioiTaylor et al., 1991and gemtically altered mice with low levels of TF
had attenuated levels of proinflammatory cytokines following exposure to endotoxin
(Pawlinski et al., 2004

Aberrant inductiorof TF hasbeen associated withultiple CV disease pathologies
including venous thrombosigatherosclerosjsand diabetegl waleed et al., 20Q7Manly et
al., 2010. TF can be induced by a variety of stimuli that primarily activatespholipase C,
resulting in a cascade of signaling events that eventually cumulate in the upregulation of TF
expressionHerkert and Gorlach, 20D2 TF is alsoa redoxregulated protein, and TF gene
expression and prein levelshave been shown to beodulated by ROS in vascular cells
(Herkert et al.,, 2004 Additionally, TF mRNA expression is attenuated in the presence of
antioxidants following exposure to ionizing radiation and inflammatory cytokines, further
illustrating the critical role ROS plays in TF regulati(®zotowski et al.,, 2007 ROS is
thought to induce TF through activation of transcription factors resulting in induction of TF
MRNA, and he TF gene in primary endothelial celigs been shown tmntain binding sites
for the redoxsensitive transcription factorsNF-e B, -1AaRd SP1Herkert and Gorlach,
2002 Moll et al., 1995.

ROS are producedn response to a variety of both physiological and pathological

stimuli (Frey et al., 2008Sprague and Khalil, 2009 The initial step in ROS generation is
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production of the superoxide aniqrO,) from molecular oxygenO,). Superoxide is
transformed into a subsequent ROS, hydrogen peroxigle,JHa reaction that is facilitated
by the enzyme superoxide dismutase (SQW)Is et al., 2007. H,O,can then be cleavday
catalaseinto water and oxygen. In the presence of transition met&l®, can also be
converted intdhe very reactive hydroxyl radic&OH) (Droge, 2002 (Figure 14).

Figure 14

SOD Catalase
02 S 02'- S H202 _—> H20 + 02

Transition
Metals
"OH

Figure 1.4 Pattways of ROS production.

Cellular generation of ROS is important physiologically because these molecules can
be used as both intraand intercellular signaling moleculd®'Autreaux and Toledano,
2007). Superoxide is relatively unstable in aqueous conditionsisanabidly transformed
into H,O, eitherby SOD or spontaneously, so it is generally thought that signaling events
occur through the $#0, molecule(Li and Shah, 2004 H,O.is capable of oxidizing cysteine
residues in proteins to cysteine sulfenic acid @ulfide, which can lead to protein
phosphorylation and initiation of signaling cascafiRisee et al., 2000 Additionally, HO,
has been shown to activate transcription factors, such & B{Echmidt et al., 1995AP-1
(Karin and Shaulian, 200Jnd p53(Thomas et al.2009 , leading to induction of redex
sensitive genes.

H,O; is a membrane soluble molecule is detectable both -eatrd intracellularly
(Rhee et al., 2000 ExtracellularH,O, release can be measured using the impermeant
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Amplex Red reagentN-acetyt3,7-dihydroxyphenoxazinejLi et al., 2009. H,O, reacts

with Amplex Red in the presence of horseradish peroxidase (HRP) to produce resorufin, a
highly fluorescent molecule that can be measured using a fluorescent plate reader (Figure
15) (Rhee et al., 2030 The Amplex Red regent is specific foH,O, and is highly sensitive

with the ability to detect 5pmol dfi,O, per 100 pL sampléBartosz, 2006 The Amplex

Red reagent is not membrane permeable, so it is used to detect both extradgDptaat

was made onhe plasma membrane of the cafidintracellularH,O, that diffused through

the cellular membrane into the extracellular spatgracellularH,O, can be measured by
Peroxy Green 1 (PG1), a smaiblecule fluorophore that is membrane soluMédler et al.,

2007. PG1 is a boronateased probe that fluoresces upon removal of the boronate group by
H,O, (Figure 15) (Miller et al., 2007. PGL1 is highly specific for intracellul&t,O, and is

able to detect physiologically relevant leveldHD, in live, individual cells during real time

using confocal microscop{Cheng et al., 2030
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Figure 1.5

Amplex Red

/l\c
N HRP + H202/J<;[/N: :
HO O OH o) O OH
Amplex Red reagent Resorufin

PG1

aeeesiNvoes
< <

Figure 1.5 Schematic diagram illustrating activation of the Amplex Red reagent and
PG1 by H,O,. Images were modified from Wentworth et al. and Miller et al.(Miller et
al., 2007 Wentworth et al., 2000.

ROS concentrations are tightly controlled by enzymatic (i.e. catalase, SODs, heme
oxygenase (HO), thioredoxin) and nenzymatic antioxidast(i.e. uric acid, glutathione,
vitamins A, C, and EJLi and Shah, 2004 However, umnder pathophysiological conditions,
ROS can be produced at an elevated rate, overwhelming these antioxstamssand

resulting inoxidative stress that leads ¢ellular damage. For instanaglevated levels of
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H,0, have been shown to induce cellular injury by causing damage to key cellular molecules
such as DNA(Imlay et al., 1988 proteins(Knock and Ward, 20J)1and lipids(Kellogg and
Fridovich, 1975. Furthermore, elevated levels BOS are implicated in the pathogenesis
and progression of several CV diseases including atherosclerosis, hypertension, and diabetes
(Madamanchi et al., 2005

Endothelial cellscan genera@ ROS in a variety of enzymatic and n@amzymatic
ways, such ashe mitochondrial electron transport chain, xanthine oxgjaemed NADPH
oxidase (NOX)enzymegDroge, 2002 Li and Shah, 2004 In addition, transition metals,
such as iron, coppeand chromium are capable of undergoing redox cycling and producing
intracellular ROS through Fenton reactiqdemova and Valko, 20)1 Of thesepotential
sources NOX enzymes are proposed #Hee key generator of ROS production in the
vasculaturg¢Babior, 2000 Mohazzab et al., 1994

NADPH oxidases are a family of enzymes comprised of 7 major memR&X1-5
and Duox12 (Frey et al., 2008 NOX-2 was the first to be characterized, where it was
discovered on the plasma mierane of phagocytic cells and shown to produce a respiratory
burst of oxidants for microbial defengBabior, 1984. Since that discovery, the NOX
family of enzymes have been reported in an asstrof norphagocytic cells including
fibroblasts, vascular smooth muscle cells, and endothelial cells among @hams and
Griendling, 2009. Endothelial cells express mainly the N&xand NOX4 isoforms(Li and
Shah, 200% butexpression levels of the NOX isoforms var@song different endothelial
cell types(Guzik et al., 2004

NOX isoforms are differentially expressed and regulated depending on the type of

tissue in which they are locat¢dltenhofer et al., 2012 Furthermore, NOX enzymes can

17



be found in various subcellular locations andpression oftheseenzymes can dictate
participation in distinct signaling pathway&ough and Cotter, 2011 For example, he
intracellular distribution of NOX4 is broad and has been shown to be variably located in the
perinuclear space, endoplasnmreticulum, mitochondria, and nucleus of endothelial cells
(Lassegue and Griendling, 2Q1Gassegue atl., 2012 and has been reported to be involved
in several cellular processes including vasodilation, cell migration, and proliferation
(Pendyala et al., 20Q0®etry et al., 2008Ray et al., 201)1

Most NOX isoforms produce a basal level of ROS that can be further induced by a
array of stimulants including cytokines, shear stresspr@ein coupled agonists, growth
factors, and hypoxigGriendling et al., 2000 NOX-derived ROS function in basic
physiological processes such as oxygen sensing, endothelial permeability, differentiation, and
tissue development; however, pathological activation of NOX enzymes can lead to elevated
levels of ROS, resulting in oxidagvstress and cellular inju@rown and Griendling, 20Q9
Frey et al., 2000 For instance, ROS from NOX enzymes induced TF mRMp@ression in
vascular smootimusclecells following agonist stimulation by thrombin or plateléérived
products from activated human plateléGorlach et al., 20Q0Herkert et &, 2002.
Furthermore, ecent studiesdicatedthat NOX-induced oxidative stress in endothelial cells
plays an important role in the pathogenesis GM disordersincluding hypertension,
atherosclerosis, and diabet@@dadamanchi et al., 2005 NOX enzymes are considered
important therapeutic targets when trying to control overpimluof ROS(Schramm et al.,
2012 and inhibition of these enzymes is a potential approach to combat adverse CV health

effects caused by air pollution exposure.
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Exposure to air pollution is strongly associated with CV morbidity and mortality but
the mebanisms behind these associations are currently not kno#ndothelial cell
activation, increased ROS production, and initiation of coagulation and inflammation are
pathophysiological mechanisms that could link inhaled air pollutants to vascular events.
hypothesize that exposure to soluble components of UF particles causes altered endothelial
cell phenotype through activation of oxidant signaling that mediates procoagulant and

proinflammatory responses resulting in a prothrombotic phendBrgeare 1.6)
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Figure 1.6
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Figure 16 Schematicdiagram illustrating endothelial activation following exposure to

soluble UF.

20



CHAPTER 2

SOLUBLE COMPONENTS OF ULTRAFINE PARTICLES STIMULATE H 7,0,
PRODUCTION IN ENDOTHELIAL CELLS

2.1 Introduction

A growing body of evidence shows a strong association between exposure to air
pollution and cardiovascular (CV) madidy and mortality. Exposure to air pollution leads
to increased hospitalizations for circulatory disordBxaoniecki et al., 1997 accelerates the
progression of atherosclerogiSuwa et al., 2002 and increases the risk of myocardial
infarctions (Peters et al.2001). In addition, elevated levels of air pollution are associated
with increased risk of CVelated mortality(Pope et al., 2004 The World Health
Organization estimates that exposure to ambient air pollution causes several million
premature deaths worldwidaeh year, with particulate matter (PM) exposure accounting for
approximately 800,000 of those deatAsderson et al., 20)2

PM is a major component of ambient air pollution and is derived fromiatyanf
sources that are both natural and manufactured. Classification of PM is determined by
diameter of the particle: coarse particles (pMre 10 to 2.5 pum, fine particles (BM are
2.5 to 0.1 um, and ultrafine particles (UF; PMare <0.1 pm(Poschl, 200p PM is formed
out of extremely small particles and liquid droplets with composition varying depending on
geographical location, local pollution sources, time of day, season, and size of particle
(Polichetti et al., 20090 Coarse particles argpically derived from soil and sea salts and
have been shown to contain endotoxin that induces proinflammatory resfims®s et al.,

2002), whereas fine and UF particles are predominantly derived from combustion sources



and are comprised of volatile organic compounds, polycyclic aromatic hydrocarbons,
transition metals, and other constituents adsorbed on a carbonaceoy®clueetti et al.,
2009.

Epidemiological studies illustrated that exposure to elevated levels of coarse and fine
PM inducedadverse CV effectgHarrison and Yin, 20Q0Polichetti et al., 2009 The
Environmental Protection Agency currently monitorsd aegulates PMy and PM s, but
increasing evidence suggests that UF particles are a key factor in the adverse CV effects due
to air pollution exposuré\el, 2009. UF particles make up only a small portion of ambient
PM by mass concentration; however, they constitute the majority of particle numheantper
mass(Donaldson et al., 2001 For example, at the & mass concentration, UF particles
have a 6fold increase in number concentration as compared to fine particles, resulting in
significantly greater collective particle surface af8tanek et al., 2031 This high surface
areato-massratio allows for the adsorption of toxic substances such as organic compounds
and transition metaléSioutas et al., 2005 In addition, the small diameter of UF particles
makes them more likely to deposit in the alveolar region of the lung based on Brownian
motion and diffusion transportation as oppbde coarse and fine particles that tend to
deposit in the upper airways of the lufigeyling et al., 2004 Because of their small size,
UF particles remain longer in the lung following deposition since they are more likely to
avoid being recognized and phagocytized by alveolar macrophages as compardargethe
coarse and fine particlé&onzalez et al., 1996 Even though UF particles may not leave the
lung to directly mediate adverse CV effe(Bsown et al., 2002Mills et al., 2006 Nemmar

et al., 2002 soluble components of UF particles (soluble UF) could cross from the lung into
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the circulation and directly interact with klof the vasculature such as endothelial cells
(Wallenborn et al., 2007

Transition metalsare a major component of the soluble fractiand may play an
important role in the adverse CV effects associated with air pollution exp(sosta and
Dreher, 199Y. Transition metalsanincrease oxidative DNA daage in lymphocyte DNA
and induce reactive oxygen species (ROS) production in endothelial cedisating that
soluble components of PM are capable of inducing oxidative stress following exposure to air
pollution (Montiel-Davalos et al., 203ZSorensen et al., 205

Elevated leved of ROS under pathological conditions have been linked to the
development of several CV diseasg@dadamanchi et al., 2005 Endothelial cellscan
produe ROS in responsetan array of both physiological and pathological stimuli from a
variety of both enzymatic and n@mzymatic sourcefOroge, 2002 The major sources of
ROS production in endothelial cells include the mitochondrial electron transport chain,
xanthine oxidases, and NADPH oxidases (NOX), and of these, NOX enzymes are proposed
to be the key generator of R@ffoduction following exposure to toxic substances such as
UF particles(Li and Shah, 2004Mo et al., 2009 Furthermore, NOXnduced oxidative
stress in endothelial celis implicated in the progression of various CV disorders including
hypertension, atherosclerosis, and diab@esgtsson et al., 20D3

We hypothesize thailF particles cause ROS productionendothelial cells through
activation of NOX enzymes by the soluble componentbere were several objectives to
this study. We set out to 1) determine the relevant size, fraction, and dose of PM to use
throughout the project, 2) identify the primarellolar source for PMnduced ROS

production, and Bdetermine the components responsible for the adverse effects following
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exposure. We show here that exposure toayotoxic doses of soluble UiRcreaseROS
production in endothelial cellshat is depedent on activation of NOX enzymes and

transition metals.
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2.2 Materials and Methods

2.2.1 Reagents and Chemicals

EA.hy926 (EA cells),are animmortalized endothelial cell line derivdaly fusing
human umbilical vein endothelial celisith A549 cells, a human lung adenocarcinoma
epithelial cell line(Edgell et al., 1988 EA cells were obtained from University of North
Carolinads Tissue Culture Facility (Chapel
(DMEM)-high glucose, fetal bovine serum (FBS), ardibioticantimycotic (100X) were
obtained from Gibco (Grand Island, NY). Human coronary artery endothelial cells
(HCAEC), endothelial growth medium (EGR), andEGM-2 Bullet Kit were obtained from
Lonza (Walkersville, MD). All other chemicals and reagewere from Sigma Chemical
Company (St. Louis, MO) unless otherwise stated.

2.2.2 Cell Culture

EA cells were cultured in DMEMigh glucose medium supplemented with 10% FBS
and 1% antibiotiantimycotic mix. HCAEC were cultured BGM-2 mediasupplemente
with the EGM2 Bullet Kit (2% FBS, 0.4% rhFGIB, 0.1% gentamicin sulfate amphotericin
B, 0.1% rhEGF, 0.1% heparin, 0.1% ascorbic acid, 0.P%GR-1, 0.1% VEGF, and 0.04%
hydrocortisong HCAEC were obtained from twadult donors with no known historyfo
CV disease. Cells were grown to confluence and used between pas8ages 5

2.2.3 Ultrafine Particles

Coarse, fine, and UF particles were collected from February to May 2007 in Chapel
Hill, NC as previously describe(Becker et al., 2005 UF particles were analyzed for
chemicalcomponents by the Research Triangle Institute (Research Triangle Park, NC) and

the composition othese particles is expressed relative to UF particle mass (ng/mg; Table
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2.1). The soluble fraction of these particles was acquired by suspending the particles in PBS
at the desired concentration and centrifuging the resultant suspension for 30 minutes at
20,000x g The supernatant from the pelleted particles was collected and used as the soluble
fraction. The pellet was then-seispended in the same volume of PBS and used as the
insoluble fraction.

2.2.4 Extracellular kD, Measurement using the Amplex Red Assay

Extracellular HO, release was measured using the Amplex Red reatj@satcétyt
3,7-dihydroxyphenoxazine; Invitrogen, Carlsbad, CAyhich reacts with KD, in the
presence of horseradish peroxidase to produce rasoaufiighly fluorescent molecule. EA
cells and HCAEC were cultured on-ll plates and exposed to coarse, fine, or UF BM (
50, and 100 pg/mL) Immediately following exposurd mp |l ex Red (150 & M)
U/ml) were added, anglates wereanalyzel at5 min intervals for 30 miron a Bioassay
HTS7000 plate reader (Perkitimer, Wellesley, MA) with HTSoft version 1.0 software (PE
Applied Biosystems, Weiterstadt, Germany)Excitation wavelength was 535 nm and
emission fluorescence was 590 nm.H,O, was quantified by subtracting the baseline
fluorescere from the final fluorescere, and normalizinghese relative fluorescence units
(RFU) to a standard curvef H,O, (0-1 nm) Followinganalysis the endothelial cells were
washed with PBS anckllular potein was collected with lysis buffer (20 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Trito#X-100, pH 7.4) containing 1:100 Protease
Inhibitor Cocktail Set 1 (Calbiochem, La Jolla, CARrotein concentrations of cell lysates
were measured using the Brad protein reagent (BiRad, Richmond, CA) according to the

manufacturerds protocol
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2.2.5 Measurement of Cytotoxicity

Cytotoxicity was determined by measuring supernatant lactate agjeychse (LDH)
levels using the colorimetric CytoTox 96 N&adioactive Cytotoxicity Assay (Promega
Corporation, Madi son, WI) according to the
were exposed teoluble UF Q, 10, 50, and 100 pg/mL) for 6 or 24ure. Supernatant from
cells treated withaponin (0.5%}o disrupt the cellular membrane was a positive cofdrol
the assay

2.2.6 Statistical Analysis

Statistical analysis was performed using commercially available software (GraphPad
Prism, version4.03 for Windows; GraphPad Software, San Diego, CA). A-wag
ANOVA analysis f ol | o-loetdstviay us&doconmpare exposedcells p o s t

to control cells. A pralue < 0.05 was considered statistically significant.
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2.3 Results

2.3.1 Coarse, fine, and UF PM exposure increases extraceli@ageneration in

endothelial cells

To determine the effect particle size has on-iRMuced ROS production in
endothelial cells, we exposed EA cells, an immortalized endothelial celldiceatse, fine,
or UF particles (100 e€g/ mL) . Cell s were ex
insoluble fractions. Extracellular HO, release was quantifiedver 30 min immediately
following exposuraising the Amplex Red assay. We found tha whole particle of coarse,
fine, and UF PM significaht (p<0.001)increasecdextracellular HO, productionby 2.5-fold,
5.4fold, and 4fold, respectively, compared to control ceflsig. 2.1AC). The soluble
fraction of UF particles induced a 3Gld increase (p<0.001) in extracellular,®}
production,which is roughly equivalent to thainduced by the whole UF particle, whereas
the insoluble fraction of UF particles did not induce a significant increasgln ptioduction
in the EA cells. While the soluble fractions of coarse and fine PM incréalsigO,
production as well, we demonstrate thathé insoluble fraction ofthese particles also
significantly (p<0.001 and p<0.05, respectively) increhsxtracellular HO, production
These datandicak that components of both the soluble and insoluble fractions of coarse and
fine PM induce ROS production in EA celleshereasonly components of the soluble
fraction of UF patrticles are responsible for the increas#£d Felease. This experimenwas
repeded in human coronary artery endothelial cells (HCAEC) in order to assess the response
in a primary cell model. The studies illustrated that soluble UF induced dald.i8crease
(p<0.05) in extracellular ¥D, production in HCAEC, whereas the insolulilaction did not

cause a significant change (Fig. 2.1D). This respamg@imary cellswas substantially
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augmentedas compared to that ithe EA cell line. Given the responsesje selected the
soluble fraction of UF particlefor my projectto evaluateendothelial cell responses to PM

exposure.
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Figure 2.1
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Figure 2.1 Exposure to soluble UF induces rapid KO, generation by EA and HCAEC.

EA (A-C) and HCAEC (D) were exposed to the whole particle, soluble fraction, and
insoluble fraction of coarse (A), fine (B), and URDJ PM (100 pug/mL) and extracellular
H,0O, release was measured using the Amplex Red reagent. n =g&migat experiments

with samples in triplicate: = p<0.05,+ = p<0.001 compared to control.
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2.3.2 Soluble UF exposure causes a damed timedependent increase in extracellulaOm

generation irendothelial cells

To ascertain the potential cytotoxicity over a range of soluble UF concentrations,
LDH release was quantified following exposul
and 24 hrs. Soluble UF did not induce cytotoxicity in the EA (FigAR& HCAEC (kg.
2.2B). In addition,extracellular BO, production by both the EA and HCAEC increased in a
dose and timed e pendent manner foll owing exposure t
(Fig. 2.22-F). These data indicate that exposure to soluble UF increasesadkilar BHO,
release in a concentratioand timedependent manner at doses that are-aybotoxic to
endothelial cells. For a majority of the remaining experiments irptbject we will expose

the endothelial cells to the intermedig®e0 ¢ parhagh (1M ¢ g) Hoseof soluble UF.
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Figure 2.2
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Figure 2.2 Noncytotoxic doses of soluble UF increase B, production in a dose and
time-dependent manner in EA and HCAEC. EA (A) and HCAEC B) were exposed to

soluble UF (0, 10, 50, and 100 pg/mL) or the detergent saponin (0.5%) as the positive control
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for 6 or 24 hrs. LDH release was measured as a marker of cytotoxicity using the CytoTox 96
Non-Radioactive Cytotoxicity Assay. n = 3 indepent experiments with samples in
triplicate. EA (C E) and HCAEC (D F) were exposed to soluble UF (0, 50, and 100 pg/mL)
and the Amplex Red reagent was used to measure the dose re§pbssnd time response

(E-F) of extracellular HO, release. n = 3ndependent experiments with samples in

duplicate.+ = p<0.05,+ = p<0.001 compared to control.
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2.33 Soluble UFinduced ROS production is from NOX enzymes

To determine the cellular source of solublE induced HO, production, we
measued extracellular KD, production by EA cells in the presence of chemical inhibitors of
several key sources of ROS production in endothelial cells. SolublenduEed
extracellular HO, release was not inhibited by allopurinol, a xanthine oxidase inhiitg.
2.3A) or inhibitors targeting the mitochondrial respiratory chain complex | (F&B)2and
IV (Fig. 2.3C). However, DPI, a NOX inhibitor, reduced extracellulaOkproductionin
EAcellsexposedts 0 and 100 ¢ dy5rh and 50% velgtively (Big:. 23D).

These experiments were repeated in primary endothelial cells. Pretreatment with DPI
significantly (p<0.05) attenuated extracellulaiG4 productionin HCAEC exposed to 50 and

100 eg/mL soluble UF by b53&)%Thase datadplidaterNOX pect i
enzymes as a major source ofCH production in endothelial cells following exposure to

soluble UF.
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Figure 2.3
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Figure 2.3 Soluble UFinduced ROS production is dependent on NOX enzymes.
Extracellular HO, was measured using the Amplex Red reagent in ERYAnd HCAEC

(E) pretreated with the xanthine oxidase inhibitor allopurinol (A, 20 uM), the mitochondrial
respirdory chain complex | inhibitor rotenone (B, 10 uM), the mitochondrial respiratory
chain complex IV inhibitor KCN (C, 10 uM), or the NOX inhibitor DPI-@ 50 uM) for 30
minutes followed by exposure to 50 or I¥mL soluble UF. n = 3 separate experinsent

with samples in duplicate. = p<0.05,+ = p<0.01+ = p<0.001
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2.34 Soluble UFinduced extracellular $#D, generation in HCAEC is dependent on

transition metals

We next wanted tameasurethe UF particleassociated components provide
information on compoundpresent inthe solublefraction thatcould lead toincreased ROS
production. The UF particles were analyzatlthe Research Triangle Institute and
componentsare expressed relative to UF particle masgnfgg Table 2.1). The measured
levels of these elements and ions esenparabldo those found in Chapel Hill UF particles
previously collected and analyzed in 2001 and 2@&tker et al., 2005 Transition metals,
such as chromium, copper, iron, nickel, vanadium, and zinc, were present in the UF particles.
To determine if these transition metals have a role inducing extracet,b,O, production,
we measured the extracellulag®r el ease from HCAEC foll owing
soluble UF that had been pretreated with the metal chelator deferoxamine for 15 min.
Pretreatment with deferoxamii@00 pM) reduced extracellular 4@, production in soluble
UF-exposed HCAEC by 45% (p<0.00Rig. 24). These data indicate that transition metals
play a partial role in the adverse effects induced in endothelial cells following exposure to

soluble UF and suggest that other soluble camepts are also involved.
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Table 2.1

Component ng/mg Component ng/mg

Aluminum 855.0 Nitrate 44100.0
Arsenic 55.8 Nitrite 579.0
Bromide 1824.0 Selenium 76.5
Chromium 12.3 Silicon 3480.0
Copper 108.0 Sulfur 99300.0
Iron 624.0 Titanium 21.5
Lead 79.5 Vanadium 57.0
Nickel 34.2 Zinc 735.0

Table 2.1 Components of UF PM (ng/mg) collected in Chapel Hill, NC from February

to May 2007.
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Figure 24
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Figure 2.4 Soluble UFRinduced H,0O, production is dependent on transition metals.
HCAEC were exposed to soluble UF (0 ®0ug/mL) that were pretreated with the metal
chelator deferoxamine (100 uM) for 15 min. Extracellula®Ofrelease was measured using
the Amplex Red reagent. n = 3 independent experiments with samples in tripkcate.

p<0.001 compared to control.
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2.4 Discussion

Increasing evidence suggests a strong association between exposure to air pollution
and CV morbidity and mortalityBrook, 2008 Polichetti et al., 2009Pope et al., 2004
however, furtherinvestigation needs to be conducted on the adverse vascular effects
associated with exposure to components of PM. Here we report that exposure to non
cytotoxic doses of soluble components of UF particles increase extracelj@ardtease in
immortalized and primary endothelial cells. We further show that this induced, H
production is dependent on NOX enzymes and transition metals. These novel findings
suggest that particlemduced ROS production in endothelial cells is a plausible mechanism
for advese CVeventsassociated with exposure to air pollution.

Our results add to a growing body of evidence linking PM to the adverse CV effects
associated with air pollution exposure. We sbdthat exposure to coarse, fine, and UF PM
increased extracellula H,O, production in endothelial cells. This finding supports previous
studies showing that the different sized fractions of PM induce ROS production in bronchial
epithelial cells and alveolar macrophagBscker et al., 2005 We alsodemonstratedhat
the soluble and insoluble fraction of coarse and fine PM induced extracellp@r H
production, whereas only the soluble fraction of UF particles increagegirelease. This
finding is important because it further supports the concept that the water soluble
components of UF particles, which are capable of translocating to the ataseulare
responsible for the adverse CV effects associated with PM exposure. It is not certain if
whole PM patrticles can translocate from the lung to the vascul@tilis et al., 2006
Nemmar et al., 2002 Since UF particles are most capable of depositing in the heavily

vascularized alveoliKreyling et al., 200 and the soluble fraction of PM is more likely to
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travase the alveolacapillary barrier to enter the vasculatallenborn et al., 2007 we
designed our experiments to evaluate endothelial cell responses to PM exposure using the
soluble fraction of UF particles.

Elevated levels of ROBave been shown to induce cellular injury by causing damage
to key cellular molecules and have been implicated in the pathogenesis and progression of
several CV diseasgdmlay et al., 1988 Kellogg and Fridovich, 1975Knock and Ward,
2011 Madamanchi et al., 2005 We show here that exposure to soluble UF induces
immediate ROS production in endothelial cells; suggesting vascular oridgitess may
occur following air pollution exposure. While there are several major sources of ROS
production in endothelial cells, a recent study has shown that mouse pulmonary
microvascular endothelial cells exposed to whole UF particles induced RO&fwadby
NOX enzymes(Mo et al.,, 2009 Our dataextendthis finding by illustrating that NOX
enzymes are the likely source oh® production following exposure to watsoluble
components of UF particles in human endothelial cells. Inhibition of NOX enzymes is an
emerging strategy to combat oxidative stressliated diseasd3daquet et al., 200%nd our
data further illustrate the prnpsct of targeting these enzymes when trying to combat adverse
CV effects due to air pollution exposure.

Transition metals are thought to play an important role in the adverse health effects
associated with air pollution exposui@osta ad Dreher, 199/ Several studies involving
air pollution samples collected when a steel mill in Utah Valley was open (1986), closed
(1987), and reopened (1988) demonstrated that metals associated with PM induce adverse
pulmonary effectgStanek et al., 2031 Extracts from 1986 and 1988 contained the highest

levels of metals and were shown to induce pulmonary injury and inflammation (Dyatet
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al., 200}, increase pulmonary inflammation in heglthuman volunteer§Ghio and Devlin,
2001, and increase rates of respiratory related hospital admig§lops, 1989 In addition,

in vitro studies have shown thatabsition metals induce inflammatory responses and
increase ROS production in pulmonary and vascular ¢éligova et al., 2007Montiel-
Davalos et al., 2012Shafer et al., 2000 For instance, Shafer et al. demonstrated that
pretreatment with metal chelators attenuated pafiticleced ROS production in rat ablar
macrophages, indicating that transition metals in the veatieible fraction of coarse and fine
PM are responsible for the increased ROS produdrafer et al., 200 Our results
extend these observations by illustrating that transition metalsiassbevith the soluble
fraction of UF particles cause adverse vascular effects by inducii@ idroduction in
endothelial cells.

There are potential limitations to this studyWe are not certain of the PM
concentration HCAEC experience following an@atlution exposure. However, individuals
living in heavily polluted cities or exposed to natural disasters such as forest fires are capable
of experiencing elevated levels of PM similar to the doses used in this(Bedker et al.,
2005. In addition, the doses used in this study were not cytotoxic to the cells, indicating that
the increased ROS production following exposwesobluble UF is due to endothelial
activation rather than cellular deatEndothelial activation could link inhaled air pollutants
to vasculareventsand have been shown to contribute to the pathogenesis of a variety of CV
diseasegSzmitko et al.,, 2003 We used EA cells and HCAEC as our cellular models for
studying CV adverse effects due to air pollution exposure. EA cells are an immortalized
endothelial cell line derived by fusing human umbilical vein endothelial cells with A549

cells, a human lungdgnocarcinoma epithelial cell lingdgell et al., 1983 These cells
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maintain most of the characteristics of endothelial cells, are fast growing, and ideal for
establishing protocols, but the effects produced in these cells may not fully represent effects
in primary endotheliakells. Therefore, we also used HCAEC as a primary endothelial
cellular model. Endothelial cells from the coronary artery are among the first vascular cells
to receive fresh blood from the lung and will accordingly be exposed to high concentrations
of anysoluble components that cross into the circulation from the alveoli.

In summary, we have shown that exposure to soluble UF induces production of
extracellular HO, from NOX enzymes in endothelial cells. This increase in ROS production
is dependent upotransition metals located in the soluble fraction. These novel findings
support the assertion that partiabeluced ROS is a plausible mechanism by which PM

exposure induces adverse CV health effects.
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CHAPTER 3
SOLUBLE COMPONENTS OF ULTRAFINE PARTICLES INDUCE

ENDOTHELIAL PROCOAGULANT ACTIVITY THROUGH OXIDANT
SIGNALING

3.1 Introduction

Epidemiological evidenceevealsa strong association between exposure to air
pollution and increased cardiovascular (CV) morbidity and mityrtéBBaccarelli et al., 20Q8
CalderonGarciduenas et al., 200Bope et al., 2004 One of the major components aif
pollution is particulate matter (PMWwhich is categorizedbased on the diameter of the
particles: coarse (3. 5 e m) ,-0 .fli neem)(,2 . akiFd< Ou |11t rean)mitede T(h e
StatesEnvironmental Protection Agenayurrently monitors and regulate®arse and fine
PM, but increasing evidence suggests thatparticles which are not currently regulateare
particulaty importart mediators ofCV effects of air pollution(Nel, 2005. Although UF
particlescompriseonly a small portion of ambient PM by mass concentration, they constitute
the majority of partles by number and have a significantly large surfacetarsmss ratio
(Donaldson et al., 2001 In addition, UF particlesandeposit in the alveolar region of the
lung because of their small diame{greyling et al., 2004 Because these particlase not
as well recognized or phagocytized by alveolar macroph@@eszalez et al., 1996they
may remain longeiin the lung,which increaseshe probability ofcausingadverse effects.
Furthermoresoluble components of UF particlésoluble UF)could traverse the alveolar
capillary barrier to entethe vasculature(Wallenborn et al., 2007 These soluble

components which include transition metalsnduce oxidative séss and procoagulant



activity in animal and human mode{araujo et al., 2008Sorensen et al., 20p5however,
the mechanisms behind these responses have notlekeeated

A causal link between vascular effects of Bkposureandprocoagulantesponsess
suggestedy the finding that exposure ®oluble UFincreases tissue factor (TR RNA
expressionn human pulmonary artery endothelial c€ksaroly et al., 200y. Under normal
physiological conditions, THs not highly expressed on endothelial celsit surface
expressiorof TF can be induced by a variety of stimudcluding fibrin, endotoxin, and the
proinflammaory cytokinesTNF-U a n-ib (Qolucci et al., 1983Contrino et al., 1997
Dinarello, 1991 Levi and van der Poll, 2005 Altered expressionna activity of TF is of
particular interest because, once activated, this memb@nel protein is the primary
initiator of the extrinsic coagulation pathway resulting tinrombin generation and fibrin
thrombusformation(Lwaleed et al., 2007 Elevated levels of TF have been associated with
advese CV effects including venous thrombosis and atherosclgiloseseed et al., 20Q7
Manly et al., 201

TF is a redoxegulated protein, and TF gene expression and protein levels can be
modulated by ROS in vascular ceflderkert and Gorlach, 20D2 Endothelial cells produce
ROS in response to a variety of physiological and pathological stimeiliding exposure to
UF particles(Mo et al., 2009 One major cellular source of ROS production is the NADPH
oxidase (NOX) family of enzymgsi and Shah, 2004 Endothelial cells express méi the
NOX-2 and NOX4 isoformsbut expression levels of the NOX family membeasy among
different endothedl cell types(Guzik et al., 2004 Most NOXhomologsproduce basal
levels of ROS that can be further indutby a variety ofagonists(Griendling et al., 2000

ROS can regulate procoagulant activity; for exanfp@S from NOX enzymeslters TF

44



expression in plateledctivated vascular smooth muscle cdlzorlach et al., 2000 In
addition, NOXinduced oxidative stress in endothelial cells plays an important role in the
pathogenesis of CV disordefsladamanchi et al., 2005perhaps through these and other
mechanisms

The objective ofour study was to determine if soluble components of UF particles
inducedprocoagulantesponses itmumanendothelial cellsandto define the mechanisms
behindthese effects. We show here that endothelial cells exposed to soluble UF induce
faster onset of thrombin generation and fiithirombusformationvia TF upregulation that is

dependent upon increasB®Sproduction and th&lOX-4 enzyme.
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3.2 Materials and Methods

3.2.1 Reagents and Chemicals

Human coronary artery endothelial cells (HCAEC), endothelial growth medium
(EGM-2), andEGM-2 Bullet Kit were obtained from Lonz@/Valkersville, MD). All other
chemicals and reagents were from Sigma Chemicahg2oy (St. Louis, MO) unless
otherwise stated

3.2.2 Cell Culture

HCAEC were cultured in EGA mediasupplemented witlthe EGM2 Bullet Kit
(2% FBS, 0.4% rhFGB, 0.1% geramicin sulfate amphotericiB, 0.1% rhEGF, 0.1%
heparin, 0.1% ascorbic acid, 0.1%-&F-1, 0.1% VEGF, and 0.04% hydrocortispne
HCAEC were obtained from two donors with no known historgbfdisease. Cells were
grown to confluence and used betweerspgss 5.

3.2.3 Ultrafine Particles

UF particles collected from February to May 2007 in Chapel Hill, NC were analyzed
for chemicalcomponentdy the Research Triangle Institute (Research Triangle Park, NC) as
previously describe@Becker et al., 2005 The composition of these particles is expressed
relative to UF particle mass (ng/m@)able 2.1) The measured levels of these elements and
ions are comparable to those found in Chapel Hill UF particles previously collected and
analyzed in 2001 and 20@Becker et al., 2005 The soluble fraction of theddF particles
was acquired by suspending the particles PBS at the desired concentration and
centrifugng the resultant suspensitr 30 minutes at 20,000g. The superatantfrom the

pelleted particlesvascollectedand used as the soluble fraction.
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3.2.4 Measurement of Cytotoxicity

Cytotoxicity was determined by measuring supernatant LDH levels using the
colorimetric CytoTox 96 NotRadioactive Cytotoxicity Assay (Bmega Corporation,
Madi son, WI) accor di naol tSupernatare from zatlsutreaded with r e r 0 ¢
saponin (0.5%]Jo disrupt the cellular membrane was a positive cofitirdhe assay

3.2.5 Calibrated Automated Thrombography (CAT) Assay

Plaeletfree plasma (PFP) from healthy donors \wesparedas previously described
(Machlus et al., 2009 Cellular procoagulant activity was measured as previously described
with minor alterationfCampbell et al., 2009 Briefly, HCAEC werecultured on 9éwell
plates and exposed soluble UF (, 10, 50, and.00 pgiMmL) for 6 hrs Following exposure,
cells and PFP were incubated with either an inhibitorylamtan TF monoclonahhibitory
antibody or control mouse IgG for 15 min at 37°C. PRKkh antibodies, MP reagent
containing phospholipids 4 pM; €0 phosphatidylcholin@0%
phosphatidylethanolamir&®6 phosphatidylserineDiagnostica Stago, Parsippany])Nand
a fluorogenic thrombin substrate-@y-Gly-Arg-AMC; Diagnostica Stago, Parsippany, NJ)
werethenadded to the cellas previously describedlachlus et al., 2009 Reactions were
cal i brated against wel |l s Cc emadroglobalin/thrgmbim t hr ¢
complex; Diagnostica Stag®@arsippany, NJ). Arombin generation was measured using a
Fluoroskan Ascent® fluorometer (ThermoLabsystem, Helsinki, Finland). Thrombinoscope
software version 3.0.0.29 (Thrombinoscope BV, Maastricht, Netherlands) was used to
calculate lag time (first tim point after the thrombin concentration exceedssixtd peak

height) peak (greatest amount of thrombin generation at a single point in time)to peak
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(time to reachthe maximumpeak height) and endogenous thrombin potential (ETP; total
amount ofthrombin generated during the test)

3.2.6 Turbidity Assay

HCAEC werecultured and exposed sbluble UFas described above. Recalcified

(20mM, final) PFP and 44% gobopphatidylchplineddd% ( 125

phosphatidylethanolamine/15% phosphatidyiser Avanti Polar Lipids, Alabaster, AL)

were added to the cells at a fa | vol ume o f thrantbh@s foematiofGoay etal.j t i at e

20117). Hbrin thrombusformation wasanalyzedoy an increasén turbidity at 405 nm with a
SpectraMax 340PC plateeader (Molecular Devices, Sunnyvale, CA). Softmax® Pro
Software version 1.21 (Molecular Devices, Sunnyvale, CA) was used to caltutatédus
formation onset (time to reach inflection point before turbidity increase) and(Mope of
the line fittedto maximum rate of turbidity increase using 10 points to determine the line).

3.2.7 Reallime Quantitative PCR

Relative gene expression in HCAEC was obtained using quantitathRORI Total
RNA was isolated from HCAEC using an RNeasy kit (Qiagen, néade CA) according to
t he manufactureros protocol . RNA was
Spectrophotometer (Thermo Scientific, Wilmington, DE). cDNA was generated as
previously describedKaroly et al., 200y, Oligonucleotide primer pairs and fluorescent
pr obes -adtio r(forwdrd, 5-&CTGGCACCCAGCACAAT3 0 reverse, 50
GCCGATCCACACGGAGTACT3 6 probe, 50
ATCAAGATCATTGCTCCTCCTGAGCGE3 0 and TF (forward, 50
TTGGCACGGGTCTTCTCCTA3 6 reverse, 5 €€CGAGGTTTGTCTCCAGGTAAGG3 6

and probe,5 AGAACCGGTGCTCTCCACATTCCCTGE3 Ybwere designed using Primer
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Express (Applied Biosystems) and obtained from Integrated DNA Technologies (Coralville,

IA). Thrombomodulin, endothelial protein C receptqEEPCR), tissue factor pathway

inhibitor (TFPI), IL-1 b, -O GWPDH, and NOX4 primer pairs and fluorescent probe sets

were obtained as Tagman gteveloped assay reagents from Applied Biosystems (Foster
City, CA). Quantitative fluorogenic amplification of cDNA was mered using the ABI

Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA), primer and
probe sets of interest, and Tagman Universal PCR Master Mix (Applied Biosystems, Foster
City, CA). Standard curves generated from a serially dilgshdard pool of cDNA
prepared from cultured human endothelial cells exposed to 160.AMNF-U f or 6 hr s v
used to determine the relative abundaatnce of
MRNA was used to normalize levels in genes of istere

3.2.8 Immunofluorescence

Confocal microscopy was used for detection of membbamad thrombomodulin.
HCAEC were exposed to soluble Y& or 100 ugmL) for 6hrs in a double well chamber
slide with cover (Nalge Nunc International, Rochester, NY)lloling exposure, cells were
fixed with methanol:acetone (1:3) for 20 min. HCAEC were incubated overnight with anti
thrombomodulin mouse ardtiuman antibodySanta Cruz Biotechnology, Santa Cruz, @A)
1% BSA. Alexa Fluor594 goat antmouse IgG(Invitrogen, Carlsbad, CAwas used as a
secondary antibody. Prolong gold antifade reagent with DARIitrogen, Carlsbad, CA
was used to mount the slidesndging was conducted using a Nikon Eclipse C1Si confocal

microscope (Nikon Instruments Inc., Mile, NY, USA).

49



3.2.9 Extracellular b0, Measurement using the Amplex Red Assay

Extracellular HO, release was measured using the Amplex Red reat)@satcétyt
3,7-dihydroxyphenoxazine; Invitrogen, Carlsbad, CAyhich reacts with LD, in the
preence of horseradish peroxidase to produce resorufin, a highly fluorescent molecule.
HCAEC were cultured on 1®ell plates and exposed $oluble UF Q, 50, andl00 pgmL).
| mmedi ately following exposur e, Ampl ex Red
andplates weranalyzed ab min intervals fol30 minon a Bioassay HTS7000 plate reader
(PerkinElmer, Wellesley, MA) with HTSoft version 1.0 software (PE Applied Biosystems,
Weiterstadt, Germany)Excitation wavelength was 53tm and emission flres@ence was
590 nm. H,0, was quantified by subtracting the baseline fluorescerfrom the final
fluorescere, and normalizinghese relative fluorescence units (RRU)a standard curvef
H,0, (0-1 nm) Following analysisthe endothelial cells were washed with PBS esitular
protein was collected with lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% TritonX-100, pH 7.4) containing 1:100 Protease Inhibitor Cocktail Set 1
(Calbiochem, La Jolla, CA)Proteinconcentrations of cell lysates were measured using the
Bio-Rad proteinreagent(BBRad, Ri chmond, CA) according t

3.2.10 Intracellular H202 Detection using PG1

Intracellular HO, was assessedising a smaimolecule fluorphore probe Peroxy
Green 1 (PGlkindly provided by Dr. Christopher J. Chang, University of California
Berkeley, which is highly specific fodetection oH,O, (Miller et al., 2007. HCAEC were
incubatedwith 5 pM PG1for 15 min prior toexposureto soluble UF(0, 50, and100
pg/mL). Immediately following exposurePG1l fluorescence was measured 1 min

intervals fora total of 75 min using a PolarStar Optima microplate reader (BhMdhtech,
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Durham, NC) wih an excitation filter of 485/18m and emission flarescence was read with

a 525/30nm filter. Change in RFU was calculated for each dose by subtracting the baseline
fluorescence from the final fluorescenckive cell imaging wa conducted using a Nikon
Eclipse C1Si confocal microscope (Nikon Instruments Inc., Melville, NY, USA) and
instrument settings as previously descrif@teng et al., 2090 Excitation was provided at

488 nm and emission ftwuescence was read with a 525/ filter. Imaging data was
collected using Nikon EX1 software and quantified by Nikon Elements (Nikon Instruments
Inc., Melville, NY, USA) as previously describé@heng et al., 200

3.2.11 Western Blot Analysis

30 pg of sample protein was mixed with 4X loading buffer (0.5 M-RGL (pH
6.8), 40% glycerol8 % S DS, -mércagtoetitanol and 0.04% bromophenol blue) and
heated for 5 min at 95°C. Samples were added to the gel in equivalent amounts on adjacent
lanes and separated by SPBGE (PAGEr Gold Precast20% TrisGlycine gels, Lonza,
Rockland, ME) withPrecision Plus Protein Standards {ad, Hercules, CA). Proteins
were transferred onto Traidot Transfer Medium Pure Nitrocellulose (BiRad, Hercules,
CA) and incubated overnight with amiOX-4 primary rabbit antibody (Abcam Inc.,
Cambridge, MA) in5% nonfat dry milk. HRRonjugated goat antabbit IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) was used as a secondary antibody. Protein bands were
detected using ECL Western blotting detection reagents (Amersham Biosciences,
Piscataway, NJ). Blotwere digitized using a Fuijifilm LAS000 with Multigauge software
(Fujiflm U.S.A., Valhall, NY). The blots were stripped using-Blet Plus (Chemicon

International, Temecula, CA) and-peobed withanti-Utubulin primary mouse antibody
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(Sigma, St. Louis MO) with HRP-conjugated goat anthouse IgG (Santa Cruz
Biotechnology, Santa Cruz, CA) used as the secondary antibody.

3.2.12 siRNA Transfection

HCAEC were transfected with 90 nNoncentrationof NOX-4 or scrambled #5
siRNA (Ambion, Austin, TX) using IORT Amine transfection agent (Ambion, Austin, TX)
according to the manufactureros protocol
transfection.

3.2.13 Statistical Analysis

Statistical analysis was performed using commercially available soft@aaphPad
Prism, version 4.03 for Windows; GraphPad Software, San Diego, 8&A)est oroneway
ANOVA analysisf ol | owed by Bhocidstwas usedio corsparp exgosed cells

to control cells A p-value < 0.05 was considered statistically gigant.
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3.3 Results

3.3.1 Soluble UF cause HCAEC to promote faster onset-@fependent thrombin

generation and fibrin thrombus formation

HCAEC were exposed to 10, 50, and ¥0@nL soluble UF We found thesdoses
are noncytotoxic to tle endothelial cells (Fig. 2.2F). 6 hrs following exposure, cells were
assessed fdunctional coagulation balancasing two methodsWe used the CAT assdy
qguantify thrombin generation (Fig3.1A-E) andthe turbidity assay to measutbe rate of
fibrin thrombusformation (Fig.3.1~H) in PFP. The CAT assay showed thag time (Fig.
3.1B) and time to peak (Fig3.1C) were significantlydecreasedvith increasing doses of
soluble UF,indicating faster onset of thrombin generatidexposure to soluble UFRdi not
significantly affect the thrombin parameters ETP (Fig. 3.1D) and peak (Fig. 3.1E). In the
turbidity assay, HCAEC exposure to soluble 188 to a significant decrease in tbaset
time tothrombusformation (Fig.3.1G andanincrease in Max (Fig. 3.1H), indicating faster
onset and rate of fibrithrombusformation. These effectsn thrombin and fibrirwere
abolished byaddition of an inhibitoryant-rhuman TF antibody These data show that soluble
UF PM increases endothelial procoagulant actiatyd suggests this occurs via a-TF

dependent mechanism.
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Figure 3.1
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Figure 3.1 Exposure to soluble UF leads to faster onset of idependent thrombin

generation and fibrin thrombus formation. The endothelial celcoagulation balance was
assessed by measuring the ability of HCAEC to induce thrombin generati®nai#d fibrin
thrombusformation ¢H) in PFP following exposure tsoluble UF(0, 10, 50, andlO0
png/mL). Cells and PFP were incubated with either an inhibitorylamian TF monoclonal

antibody or a control mouse IgGhrombin parameters (Bag time (C) time to peak (D)
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