N

I

uOttawa

L’Universilté canadienne
Canada’s university



Pt
FACULTE DES ETUDES SUPERIEURES I FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES

1’Université canadienne
Canada's university

Devi Ganesh

AUTEUR DE LA THESE / AUTHOR OF THESIS

M.Sc. (Biochemistry)

GRADE / DEGREE

Department of Biochemistry, Microbiology and Immunology

FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Effect of Superoxide Dismutase Mimetic, AEOL 10150 on the Regulation of the Endothelinergic
System In Lungs & Heart of Rats exposed to Air Pollutants

TITRE DE LA THESE / TITLE OF THESIS

Renaud Vincent
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

Rémy Aubin Stewart Whitman

Gary W. Slater

LE DOYEN DE LA FACULTE DES ETUDES SUPERIEURES ET POSTDOCTORALES /
DEAN OF THE FACULTY OF GRADUATE AND POSTDOCORAL STUDIES




Effect of Superoxide Dismutase Mimetic, AEOL 10150 on the
Regulation of the Endothelinergic System

In Lungs & Heart of Rats exposed to Air Pollutants

Devi Ganesh

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
In partial fulfillment of the requirements

for the Master of Science Degree in Biochemistry

Department of Biochemistry, Microbiology and Immunology

Faculty of Medicine
University of Ottawa
Health Canada

© Devi Ganesh, Ottawa, Canada, 2006



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 0-494-14908-6
Our file  Notre référence
ISBN: 0-494-14908-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract
Epidemiological studies have associated cardiopulmonary morbidity and mortality with air
pollution. Inhalation of pollutants increases plasma levels of the vasoconstrictor peptide
endothelin (ET)-1 and its precursor bigET-1 in experimental animals and human subjects,
and induces an oxidative stress in the lungs. Changes of circulating ET-1 is attributed to
increased de novo synthesis in lung endothelial cells and spillover in the systemic
circulation. Clinical studies indicate that excess ET-1 can be detrimental to individuals with
cardiovascular and pulmonary diseases. My hypothesis is that oxidative stress pathways in
the alveoli mediate the regulation of the endothelinergic system in response to inhalation of
air pollutants. I have tested this hypothesis in male Fischer-344 rats by blocking a potential
superoxide surge during or after inhalation of pollutants with a superoxide dismutase (SOD)
mimetic drug, AEOL 10150. Rats were injected with 2mg/kg of AEOL 10150 two hours
prior to inhalation exposure for four hours to pollutants, and sacrificed immediately or 24
hours post exposure. Treatment with the SOD mimetic abrogated the increase in expression
of preproET-1 mRNA and ECE-1 mRNA and plasma ET-1 levels caused by the air
pollutants. This suggests that oxidative stress pathways contribute to the regulation of

endothelinergic system.
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1 INTRODUCTION

Worldwide epidemiological studies show a consistent increase in cardiac and respiratory
morbidity and mortality from exposure to particulate matter (PM). Particulate matter is a key
ingredient of polluted air and is estimated to kill more than 500,000 people each year (Nel,
2005). Ambient air PM is divided into three major classes based on their size known as
aerodynamic diameter: coarse (PMyg, 2.5-10um), fine (PM, s, <2.5um), and ultrafine (PMg 1,
>0.1um) (Kang, 2002). All PM contain biological material, organic compounds,
hydrocarbons, ions, acid aerosols, reactive gases, and metals adsorbed or attached to a
typically carbonaceous core (Shore et al, 1995). Extensive epidemiological studies suggest a
link between air pollution and daily mortality rates as well as between overall mortality and
long-term exposure. Consistent associations have been demonstrated with both respirable
particles (<10pum in diameter; PM;o) and fine particles that reach the deep lung (<2.5um,;
PM,5) (Kunzli et al, 2000; Pope et al, 2002; Samet et al, 2000). A potential link between air
particulates and cardiovascular disease in particular is suggested by several time series
studies showing that elevated PM;y and PM; s levels are associated with an increase in
cardiovascular hospital admissions (Dockery et al, 2001; Schwartz, 1999). Ozone (O;) is one
of the most toxic components of the photochemical air pollution mixture (Gryparis et al,
2004). Short-term respiratory irritant symptoms, lung dysfunction, and bronchoalveolar
inflammation have been well documented in controlled O3 exposures (Lippman, 1993) and

in natural outdoor exposures (Kinney et al, 1996).



Seaton et al (1995) proposed a general hypothesis that exposure to inhaled particles induces
alveolar inflammation, leading to exacerbation of preexisting lung disease, increased blood
coagulability, and an associated increased risk of cardiovascular events. Urban particles have
been shown to increase immunoreactive endothelins in plasma of healthy F344 rats
(Bouthillier et al, 1998). Vincent et al (2001a) have proposed that the mechanisms by which
ambient particles affect cardiovascular function involve changes in vasoregulation and have
shown that exposure to urban particulate matter caused an increase in ET-3, ET-1 and blood
pressure in rats. PM is also known for inducing vasoconstriction in pulmonary arteries of rats
(Batalha et al, 2002). Calderon-Garciduenas et al (2003) have shown about 20% increase in
serum endothelins in Southwest Metropolitan Mexico City children exposed to complex
mixture of air pollutants. Thomson et al (2004) have demonstrated that air pollutants
increase gene expression of ET-1 in lungs of rats. Vincent et al (2001b, unpublished data)
have demonstrated increases in the most potent vasoconstrictor, plasma ET-1 and 3 after
short-term exposure to PM;sand O; in humans. Short-term exposure to a mix of fine
particulate air pollution (PM;s) and at levels observed in urban environment induces artery

vasoconstriction in healthy adults (Brook et al, 2002).

Endothelin has multiple cardiovascular actions, including vasoconstriction, leading to
maintenance of basal vascular tone and BP (Haynes and Webb, 1998) and accentuating BP
elevation in more severe, sodium-sensitive hypertension (Schiffrin, 2001). Short-term O;
exposure within a period of 1 to 2 days is related to acute coronary events in middle-aged
adults without heart disease (Ruidavets, 2004). Elevated PM; s concentrations have also been
associated with a transient risk of acute myocardial infarction within a few hours and 1-day

2



exposure (Bhatnagar et al, 2004). There is accumulating evidence that PM;¢ and PM; 5 also
have intrinsic ability to cause oxidative stress in cell-free systems (Gilmour et al, 1996) in
cells exposed in vitro (Jimenez, 2000) and in exposed animals (Costa et al, 1997). The
following paragraphs outline a brief background about endothelins and oxidative stress and

its relevance to air pollution and cardiovascular diseases.

1.1 Endothelin

1.1.1 Biosynthesis of ET

The ET system includes ET-1, ET-2 and ET-3 (Berger and Pacher, 2003). Endothelin-1, a 21
aminoacid peptide was initially isolated from porcine aortic endothelial cells (Yanagisawa et
al, 1988) and secreted mostly by vascular endothelial cells and is the predominant isoform
expressed in vasculature and the most potent vasoconstrictor known (Agapitov and Haynes,
2002). The aminoacid sequence of ETs is given in Figure 1. The three ETs are expressed in a
variety of tissues and other kinds of cells including smooth muscle, neuron, messangium,
melanocyte, parathyroid, and amnion cells (Tomoh Masaki, 2005). PreproET-1, a 212
amino-acid peptide is the first product of the ET-1 gene. This precursor is transformed to
pro-ET-1 by removal of a short sequence by a signal peptidase, then to big-ET-1 via the
activity of a maturing enzyme of subtilisin family (calcium-dependent serine proteases)
namely furin (Blais et al., 2002). Human big-ET-1, a 38-aminoacid peptide, is found at
detectable levels in the peripheral circulation. The mature ET-1,_,; is obtained by proteolytic
cleavage of big ET-1 by endothelin converting enzymes (ECE). The physiologic importance
of the conversion of big ET-1 to ET-1 is emphasized by the higher vasoconstrictor potency

of the mature peptide (about 140-fold), while the larger proET-1 does not show any

3



vasomotor action (Rubanyi and Polokoff, 1994). The ECE is a zinc-dependent
metalloendopeptidase and the three isoforms identified to date are ECE-1, ECE-2 and ECE-3
of which ECE-1 is the most physiologically implicated, because of its wide action and
expression. Indeed, other moieties, such as mast cell chymase and matrix metalloproteinase
II, have been suggested to be involved in the production of ET intermediates, such as ET-1
(1-31) and ET-1 (1-32), respectively. Other enzymes, such as the neural endopeptidase
(NEP) is not only involved in the degradation and inactivation of ET-1, but is also
responsible for the final production of the peptide via the hydrolysis of ET-1 (1-31)
(D’Orleans-Juste et al, 2003). Russel and Davenport (1998) have proposed that two distinct
exocytic pathways are involved in the transport of ET-1 to the cell surface. ET-1 is stored in
Weibel-Palade bodies with other vasoactive compounds and is released at the cell surface
following an appropriate stimulus. ET-1 is also sorted into secretory vesicles and
continuously released by a cyclic AMP independent constitutive pathway which might be
contributing to the normal physiological tone. ET-1 biosynthesis is stimulated by elevated
levels of LDL cholesterol and glucose, vasoconstrictors, cytokines like interleukin-1 beta,
tumor necrosis factor-alpha (Corder et al, 1995), growth factors like vascular endothelial
growth factor, basic fibroblast growth factor, platelet derived growth factor (Matsuura et al,
1998; Boulanger et al, 1991; Hahn et al, 1990 ), thrombin and adhesion molecules like
intracellular adhesion molecule, vascular cell adhesion molecule (Schwarting et al, 1996).
Inhibitors of ET-1 synthesis include NO, prostacyclin, artrial natriuretic peptides and

estrogens (Levin, 1995).



1.1.2 Mechanism of action of ET

Endothelin-1 acts through the activation of G; —protein coupled receptors. The binding of
ET-1 to ET4 receptors activates phospholipase C, which leads to an accumulation of inositol
triphosphate and intracellular calcium and in turn, to long lasting vasoconstriction. The
activation of ET4 receptors also induces cell proliferation in different tissues. ET 5 receptors
are found in the medial smooth muscle layers of the blood vessels, and atrial and ventricular
myocardium (Hosoda et al, 1991). In contrast, the activation of endothelial ETg receptors
stimulates the release of NO and prostacyclin, prevent apoptosis and inhibits ECE-1
expression in endothelial cells. ETg receptors are localized on endothelial cells and to some
extent, smooth muscle cells and macrophages (Ogawa et al, 1991). ETg receptors also
mediate the pulmonary clearance of circulating ET-1 and the reuptake of ET-1 by
endothelial cells (Luscher and Barton, 2000). The regulation and processing of ET-1 is

represented in Figure 2.



Figure 1. Amino acid sequence of human endothelins and sarafotoxin c.

The structure of peptides isolated from the venom of the Israeli burrowing snake, Actrapsis
engaddensis, termed sarafotoxins (STXs), was shown to have remarkable similarities to ETs.
Amino acid substitutions with respect to ET-1 are indicated (Nussdorfer, 1999).
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Figure 2. Regulation, processing, and secretion of proteins related to ET-1 in endothelial
cells

Hormones and vascular factors modulate the synthesis of the preproendothelin-1 by the ET-1
gene by regulating the binding of transcription factors such as GATA-2 and AP-1 to specific
elements on the ET-1 gene promoter. The mRNA is translated to a 203-amino-acid
preproendothelin-1 protein, which is then converted to a 38-amino-acid prohormone, big ET-
1. The ECE converts big ET-1 to the 21aa ET-1 peptide. ET-1 and some big ET-1 are
secreted mainly toward the adjacent smooth-muscle layer of the wall of the blood vessel.
Smaller amounts of the peptides are secreted into the lumen of the vessel. The list at the top
left of the figure contains items that stimulate transcription, and the list at the top right
contains items that inhibit transcription (Levin, 1995).
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1.1.3 Endothelin and cardiovascular pathophysiology

Endothelin is a potent vasoconstrictor associated with vascular endothelial dysfunction and
adverse cardiovascular prognosis at increased systemic level (Levin, 1995). Plasma
concentration of ET 1is increased in humans with congestive heart failure and the level
correlates with the severity of disease (Rodeheffer et al, 1992) and risk of subsequent cardiac
death in CHF patients (Galatius-Jensen et al, 1996; Tsutamoto et al, 1995). In a human
study, plasma levels of ET-1 measured after myocardial infarction were found to be a strong
predictor of 1 year survival independent of clinical and biochemical variables previously
associated with a poor prognosis (Omland et al, 1994). In rats with experimentally induced
myocardial ischemia, the release of ET-1 is greatly augmented during reperfusion,
suggesting a role for ET-1 in reperfusion injury (Brunner et al, 1992). High serum levels of
ET-1 have been used as an important marker of heart failure (Monge, 1998). Endothelial
dysfunction characterized by loss of nitric oxide dependent vasodilation may simultaneously
involve augmented ET activity in disease states including atherosclerosis (Galley and
Webster, 2004). The earliest stages of atherosclerotic vascular disease are characterized by
endothelial dysfunction, in which arterioles paradoxically constrict or fail to dilate in
response to a physiologic stimulus such as exercise (Quyumi, 1998). This has been attributed
to a relative deficiency in NO- mediated smooth muscle relaxation and vasodilation. There
may also be an excess of vasoconstrictive factors, such as ETs and angiotensin II (Warner,
1999). Pulmonary release of ET-1 contributes to an elevation of plasma ET-1 and to
vasoconstriction. Endothelins appear to be involved directly in the pathogenesis of

cardiovascular diseases through their vasopressor and mitogenic mechanisms, and elevated



circulating ETs may also affect cardiac arrthythmia and dysrhythmia, enhance myocardial
ischemia and promote infarct extension, and contribute to increased systemic and pulmonary
vascular resistence, vascular dysfunction, renal impairment in diabetes and chronic heart
failure patients (Best and Lerman, 2000; Spieker et al, 2001; Zouridakis et al, 2001). ET-1
also causes bronchoconstriction and has been implicated in the development of acute asthma,
primary pulmonary hypertension and pulmonary fibrosis (Levin, 1996). Anti-endothelin
strategy has been developed in the cardiovascular medicine, particularly in the treatment of
heart failure (Spieker et al, 2001). It has been demonstrated that plasma ET-1 levels are
higher in these pathologies and that treatments with antagonists of ET receptors are
beneficial (D’Orleans-Juste et al, 2003). In two recent clinical trials, the dual endothelin

receptor antagonist bosentan has shown beneficial effects in treating pulmonary
hypertension. (Kuntzen et al, 2005). Finally, long-term ET blockade reduces the extent of

atherosclerosis without affecting blood pressure or plasma cholesterol; it also restores NO-

mediated endothelium dependent relaxation and prevents increased vascular ET-1 (Barton et

al, 1998).

1.2 Okxidative stress

The lung is particularly exposed to various inhaled toxic products whose toxicity can at least
be partly mediated by the generation of free radicals (Housset, 1994). Free radicals are
molecules capable of independent existence, which contain one or more single electrons in
an orbital. Since electrons are usually more stable when paired, radicals are generally more
reactive than non-radicals. Reactive oxygen species (ROS) refers to a range of toxic species
such as superoxide radical (O," ) hydrogen peroxide (H,0,), hypochlorous acid (HOCI),
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singlet oxygen('07), hydroxyl radical (HO *). Nitric oxide (NO') is a well known example of

a nitrogen centred free radical (Heunks, 2000). The NO radical (NO-) is produced in higher
organisms by the oxidation of one of the terminal guanido-nitrogen atoms of L-arginine.
This process is catalyzed by one of the three isoforms of the enzyme nitric oxide synthase
(NOS): neuronal NOS (nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS)
(Palmer, 1988). Simultaneous generation of NO' and O;" favors the production of reactive
nitrogen species (RNS) peroxynitrite anion (ONOQ) (Tarpey and Fridovich, 2001) and this
product may account for some of the deleterious effects associated with NO' production

(Beckman et al, 1990). Figure 3 represents the derivation of ROS.

Radical formation in the body occurs by several mechanisms, involving both endogenous
and environmental factors. Environmental sources include Oz and H,O, from air pollution

and cigarette smoke (Bowler and Crapo, 2002a). The superoxide anion is formed by the
univalent reduction of triplet-state molecular oxygen (*0,). This process is mediated by
enzymes such as NAD(P)H oxidases and xanthine oxidase or nonenzymatically by redox-

reactive compounds such as the semi-ubiquinone compound of the mitochondrial electron
transport chain (Deby and Goutier, 1990). Although O,” and H,0, themselves are moderate

oxidants, both species are critical for the formation of potent cytotoxic radicals in biological
systems through their interaction with other molecules. For instance, the lysosomal enzymes
myeloperoxidase (MPO) from neutrophils and monocytes/macrophages and the eosinophil
peroxidase (EPO) catalyse the oxidation of halides (CI, Br, and I') by H,O, to form
hypohalous acids (HOC1 or HOBr). MPO produces predominantly hypochlorous acid

(HOCl) whereas EPO produces more hypobromous acid (HOBr). Hypohalous acid
10



production is important in the host defense against infectious agents, but during this reaction
the hydroxyl radical (OH) is also produced, which is a powerful and indiscriminate oxidant

(Caramori and Papi, 2004).

Because radicals have the capacity to react in an indiscriminate manner leading to damage to
almost any cellular component, an extensive range of antioxidant defences, both endogenous
and exogenous, are present to protect cellular components from free radical induced damage
(Young and Woodside, 2001). Superoxide dismutases (SODs) convert superoxide
enzymatically into hydrogen peroxide (Fridovich, 1978). In biological tissues superoxide can
also be converted nonenzymatically into the nonradical species hydrogen peroxide and
singlet oxygen ('O,) (Steinbeck et al, 1993). Alternatively, hydrogen peroxide may be
converted into water by the enzymes catalase or glutathione peroxidase. In the glutathione
peroxidase reaction glutathione is oxidized to glutathione disulfide, which can be converted
back to glutathione by glutathione reductase in an NADPH-consuming process (Droge,

2002).

Under normal circumstances, formation of Oy ~ is kept under tight control by SOD enzymes
(Figure 4). These include the Mn enzyme in mitochondria (MnSOD, SOD2) and Cu/Zn
enzyme present in the cytosol (CuZnSOD, SOD1) or extracellular surfaces (EC-SOD,
SOD?3). In acute and chronic inflammation, the production of O, ™ is increased at a rate that
overwhelms the capacity of the endogenous SOD enzyme defense system to remove them.
The result of such imbalance results in O,” mediated damage. Oxidative stress has been
defined as an imbalance in favor of pro-oxidants and disfavor of antioxidants, potentially
leading to damage of biomolecules (Risom et al, 2005). ROS can damage cellular proteins,
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lipids, membranes, and DNA (Li et al, 2004). In the presence of reduced transition metals

(e.g., ferrous or cuprous ions), hydrogen peroxide is reduced by Fenton reaction and cleaves
to generate OH and highly reactive hydroxyl radical (‘OH) (Chance, 1978). Hydroxyl

radical initiates lipid peroxidation (Kumarathasan et al, 2003a) and isoprostanes are
prostaglandin-like substances that are produced in vivo by free-radical-induced peroxidation
of arachidonic acid (Montuschi et al, 2004). Depending on the microenvironment, NO can be
converted to various other reactive nitrogen species (RNS) such as nitrosonium cation (NO"),
nitroxyl anion (NO ™) or peroxynitrite (ONOO ™) (Stamler, 1992). Peroxynitrite is a strong
oxidant capable of modifying most biological molecules and compounds, including
aminoacids as tyrosine, tryptophan, cysteine, and methionine. Direct reactions of ONOO

with CO2, transition metals, and SOD have been found to catalyze the nitration of tyrosine
residues (Turko and Murad, 2002). 3-Nitrotyrosine has been revealed as a relevant
biomarker of NO-dependent oxidative stress (Radi, 2004). The lipid peroxidation and protein
nitration induced by ONOO- are some of the earliest atherogenic events (Griendling et al,

2003).
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Figure 3. . Derivation of reactive oxygen species.

Sequential electron (e—) addition to oxygen results in the formation of ROS:
superoxide(O2-), hydrogen peroxide (H202), and hydroxy radical (OH). Superoxide
combines with nitric oxide (NO) to form peroxynitrite (ONOO-). (Bowler and Crapo,
2002b).
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1.2.1 PM and Oxidative Stress

The mechanism of PM induced health effects are believed to involve inflammation through
the generation of ROS (Xiao et al, 2003) and oxidative stress (Schins et al, 2004). Through
its metal, semi-quinone, lipopolysaccharide, hydrocarbon, and ultrafine constituents, PM
may exert oxidative stress on cells in the lung by presenting or by stimulating the cells to

produce ROS (Tao et al, 2003). The reaction of ozone with polyunsaturated fatty acids
results in the generation of carbon-centered radicals as well as aldehydes and H;O,.

Hydrogen peroxide generates hydroxyl radical, the final product of ozone-induced cascade
reactions (Kumarathasan et al, 2002). Failure to overcome oxidative stress leads to the
activation of additional intracellular signaling cascades that regulate the expression of
cytokine and chemokine genes (Silbajoris et al, 2000). Growing evidence indicates that
chronic and acute overproduction of ROS under pathophysiologic conditions is integral in
the development of cardiovascular diseases (Madamanchi, 2005). Increases in the levels of
ROS have been associated with several cardiac pathologies, including reperfusion injury
(Guarnieri et al, 1980). Experimental perfusion of isolated systems demonstrated that
oxidative stress significantly increases the incidence of arrhythmias (Hearse and Tosaki,

1987), an effect that is prevented by perfusion with antioxidants (Llesuy et al, 1995).

1.3 PM, ET and Oxidative stress

Increased oxidative stress has been implicated in the pathogenesis of a variety of
cardiovascular and pulmonary diseases in humans and animal models, including those with
systemic hypertension and underlying cardiovascular complications (Alexander, 1998). High

levels of ROS can be cytotoxic. For example, vessel injury can lead to the adherence of
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neutrophils to the endothelium, the activation of NADPH oxidase, and the generation of
extracellular superoxide, which can damage endothelial cells (Harrison, 1999). Griendling et
al (1994) have shown that ROS play a role in angiotensin signaling and this leads to
intracellular production of superoxide; superoxide can combine with NO to form ONOO-
decreasing NO levels, and in theory leads to vasospasm. Endothelin-1 is produced and
cleared in the lung and is generated in response to the presence of ROS (free radicals) and
their metabolites (Haynes and Webb, 1998). This leaves open the possibility that pollutants
could induce an excess production of ET-1. Tzeng et al (2003) have shown that motorcycle
exhaust particle extracts can enhance vasoconstriction in organ culture of rat aortas via ROS

and Ma et al (2001) have shown that oxidative stress can impair endothelium function.

1.4 Rationale and Hypothesis

The hypothesis is that oxidative stress induced by air pollutants is critical in the alteration of
the extracellular lining and the initiation of cellular changes in the airways of lungs, leading
to activation of the ET system. Blocking the free radical pathway should prevent activation
of the ET system by pollutants. Previous studies have shown that pollutants increase ET and
causes oxidative stress in lungs. But mechanism of regulation of ET is not known. One
critical pathway of endothelial dysfunction could be cell injury by peroxynitrite.
Peroxynitrite is formed from nitric oxide and superoxide. In principle, if superoxide bursts
are produced by pollutants, then scavenging superoxide flux and preventing peroxynitrite
formation should prevent endothelial dysfunction. My plan is to test whether preventing
peroxynitrite formation by interruption of superoxide with SODm, AEOL 10150 can prevent

the increase of ET-1 in plasma of rats, as well as prevent upregulation of preproET-1 and
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ECE-1 in lungs after exposure to air poliutants. Figure 4 represents the source of ROS and

RNS in lung and hypothesis.
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Figure 4. Environmental sources of ROS and RNS in the lung and hypothesis

Generation of ROS and RNS by environmental agents and by various cells and the initial
reactions of superoxide ¥z ), hydrogen peroxide (H,0,), and nitric oxide (NO") to generate
reactive species that cause cell and tissue injury. Most environmental toxins generate ROS
both directly and by activating inflammatory cells. This results in the activation of iNOS
with generation of NO- and other RNS. The most important antioxidant mechanisms related
to these pathways include superoxide dismutases (SODs), glutathione peroxidases (GPXs),

and catalase (CAT). (Kinnula and Crapo, 2003).
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1.4.1 Specific Aims

e Evaluate the effect of AEOL 10150 on circulating ET levels and expression of the ET
system genes (ET-1 & ECE-1) in rats.

e Identify a dose of AEOL 10150 that has a minimal impact on basal levels of plasma
ETs and expression of ET system genes.

e Determine the effects of scavenging superoxide with AEOL 10150 on the regulation of
the pulmonary ET system genes and the circulating levels of ET in rats exposed to PM

and ozone.

1.5 Superoxide Dismutase Mimetic (SODm) - AEOL 10150

The limitations of using natural products like superoxide dismutase and catalase as
therapeutic agents to attenuate oxidative stress are their large size, which limits cell
permeability, short circulating half-life, antigenicity and expense (Patel and Day, 1999). In
certain cases where an enzyme of potential therapeutic benefit does not have the appropriate
properties for a drug, a synthetic, small molecule enzyme mimetic can conceivably be
designed with chemical and physical characteristics suitable for a therapeutic. The SOD
mimetics are catalytic drugs and the ability of the SOD mimics to scavenge superoxide in
vivo has also been demonstrated by ESR studies. In vitro and in vivo studies have
demonstrated that the SOD mimetics have potent anti-inflammatory properties, attenuate

myocardial ischemia/reperfusion injury, and prolong the half-life of NO, an antithrombotic
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and vascular relaxant. Therefore, the SOD mimetics may find clinical utility in diseases

mediated, in part, by superoxide. (Cuzzocrea et al, 2001).

Metalloporphyrin complexes have been shown to mimic the biologic activity of superoxide
dismutase (Day and Crapo, 1996) and can pharmacologically augment natural antioxidant
defenses (Bowler et al, 2003). The SOD mimetic manganese (III) mesotetrakis (di-N-
ethylimidazole) porphyrin (AEOL 10150) are low molecular weight, synthetic, redox-active,
catalytic antioxidants that act as SOD mimetics and has been shown to attenuate expression
of inflammatory genes in stroke (Bowler et al, 2002c). AEOL 10150 has been shown to be an
effective neuroprotective compound. When given i.c.v. to rats, AEOL 10150 reduced both
neurologic deficit and infarct size thereby ameliorating changes caused by temporary focal
cerebral ischemia (Sheng et al, 2002). Also, it caused marked reduction in tobacco smoke-
induced inflammation and lung injury when given before smoke exposure (Smith et al,
2002). These metalloporphyrin class of antioxidant mimetics exhibit strong antioxidant
properties, including scavenging of superoxide, H,O,, peroxynitrite, and lipid peroxyl
radicals (Kinnula and Crapo, 2003). The manganese moiety of the SOD mimetics functions
in the dismutation reaction with superoxide by alternate reduction and oxidation changing in
its valence between Mn(IIl) and Mn(II), much like native SODs, They exhibit definite, but
low, catalase-like activity that has been attributed to their extensive conjugated ring system
and reversible one-electron oxidations. Their capacity to scavenge peroxynitrite apparently
involves the formation of an oxo-Mn (IV) complex that can be reduced to the Mn(III)
oxidation state by endogenous antioxidants (Kinnula and Crapo, 2003). Structure of AEOL

10150 is given in Figure 5.
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Figure 5. AEOL 10150 (Manganese (III) meso-tetrakis (di-N-ethylimidazole) porphyrin)
(Bowler et al, 2002c).
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2 MATERIALS AND METHODS

2.1 Animals
Pathogen-free Fischer-344 male rats (180-250 g) were obtained from Charles River (St.
Constant, Québec, Canada). The animals were housed in individual plexiglass cages on
wood-chip bedding under HEPA-filtered air and held to a 12 h dark/light cycle. Food and
water were provided ad libitum. All experimental protocols were reviewed and approved by

the Animal Care Committee of Health Canada.

2.1.1 Subcutaneous injections

In the dose response study, animals were subcutaneously injected with the 0, 2 and Smg/kg
body weight of the catalytic antioxidant AEOL 10150 (manganese (III) meso-tetrakis (di-N-
ethylimidazole) porphyrin in 1ml’kg body weight of saline. In the particle exposure study,
the animals were injected with 2mg/kg of the drug 2 hours before the inhalation exposure to
pollutants. The metalloporphyrins are water soluble, manganese meso-porphyrins that are
stable and nontoxic. It was provided as a gift from Dr. James Crapo at the National jewish
medical center, Denver and from Incara Pharmaceuticals (Research Triangle Park, NC,
USA). AEOL 10150 has a plus-five charge with a SOD activity of ~5,000 units/g and

catalase activity of approximately ~1% of purified bovine catalase (weight/weight basis).

2.1.2 Inhalation exposure to air pollutants

The ambient urban particles EHC-93 consist of total suspended particulate matter recovered

from filters of the single-pass air-purification system at the Environmental Health Centre
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(Tunney’s Pasture, Ottawa, Canada) and mechanically sieved using a 36pum mesh filter. The
chemical composition, biological reactivity of the particles in cell culture models, and
applications in inhalation studies have been described elsewhere (Vincent et al, 1997,
Vincent et al, 2001a). Ozone was generated and monitored as previously described (Vincent
et al, 1997). Animals were exposed to EHC-93 urban particles, ozone or clean air using a
nose-only inhalation system. Rats were trained in nose-only exposure tubes over 5
consecutive days, and then exposed for 4 h to clean air or to the individual pollutants EHC-
93 (50 mg/m’) and ozone (0.8 ppm) essentially as described previously (Vincent et al, 1997;
Thomson et al., 2004). The particle size distribution of resuspended EHC-93 in our flow-
past nose-only exposure system was multimodal, with two respirable modes at 1.3 um
(aerodynamic diameter, Dag) and 3.6 um Dag that together comprised 55 % of the mass of
the aerosol, and a non-respirable mode at 15 um Dug that comprised 45 % of the mass
(Vincent ef al., 2001a). Animals were euthanized immediately after exposure, or following

24 h recovery in filtered air.

2.1.3 Environmental relevance of dose regimen

While the exposure concentrations in this study appear high when compared to ambient
conditions, the internal dose of pollutants must be considered in evaluating the data.
Knowledge of the quantitative relationship between exposure concentration and delivered
dose (the mass of ozone that is absorbed per unit of tissue area at a particular site) is a
fundamental starting point in the evaluation of the toxicity of chemicals for intra- and
interspecies comparisons (Miller and Graham, 1988). The site in the lung most affected by

ozone exposure is the centriacinar region (junction between the alveoli and the conducting
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airways). Mathematical models also predict that the centriacinar region receives higher
ozone doses than other local regions of the lower respiratory tract (Barry et al, 1985). Rats
were exposed at rest to the air pollutants by nose-only route for four hours. It has been
estimated that exposure of a human subject to 0.12 ppm of ozone (236 pg Os/m’) for 12
hours (85 ng Os/cm?), followed by 0.06 ppm ozone for 12 hours (42 ng Os/ cm®) would lead
to a total daily centriacinar peak dose estimated at 127 ng O/ em® (Vincent et al., 2001a).
Similarly, assuming a 24 hour exposure to an average PM;, concentration of 175ug/m’
(Tellex-Rojo et al., 2000), a reference total dose in the pulmonary compartment of humans is
estimated as 1.3ng/ cm’ alveolar surface area (Thomson et al., 2005). The ratio of EHC-93
dose within the respiratory compartment of the rats during the 50mg/m’ exposure (25
ng/cm?2) to the particle dose calculated for a plausible human exposure scenario (1.3 ng/
cm?) is only 20-fold (Vincent et al., 2001a). Also, the ratio of the centriacinar ozone dose in
the animals at 0.8ppm of ozone (427 ng O3/ cm?) to the estimated internal dose in a human
subject (127ng O3/ cm®) under a plausible exposure scenario is only 3.4 fold (Thomson et al.,
2005). In general, humans are considered more susceptible to air pollutants than rats.
Furthermore, persons with preexisting lung diseases and cardiovascular diseases are more
susceptible to air pollution than healthy individuals (Goldberg et al., 2001). Therefore, from
the standpoint of evaluation toxicology, the doses of pollutants used in my study are

appropriate for the study of mechanisms and are relevant to human health.

2.1.4 Biological samples
Rats were anaesthetized by administration of sodium pentobarbital (60 mg/kg, ip). Blood
was collected from the abdominal aorta into vacutainer tubes containing the sodium salt of

ethylene diamine tetra acetic acid (EDTA) at 10 mg/ml and phenyl methyl sulfonyl fluoride
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(PMSF) at 1.7 mg/ml, mixed gently, and placed on ice (Kumarathasan et al, 2001). Plasma
was isolated by centrifugation (2000 rpm for 10 min), aliquoted, and frozen at —80 °C. The
animals were then exsanguinated, and the trachea was exposed and cannulated. The
diaphragm was punctured to collapse the lungs, and the lungs were filled by intratracheal
instillation of warm (37°C) calcium- and magnesium-free Dulbecco's phosphate buffered
saline (Sigma Chemical Co., St. Louis, MO) at a ratio of 35 ml/kg body weight. The saline
was aspirated and re-injected twice more, and the bronchoalveolar lavage fluid was
recovered in cold centrifuge tubes. This first lavage fluid was used for protein assays. The

lungs and heart were recovered and flash frozen in liquid nitrogen and stored at—80 °C.

2.2 Gene expression studies
2.2.1 Reverse transcription of lung and heart RNA samples
Frozen lung and heart samples were homogenized in TRIzol reagent (Invitrogen Canada
Inc., Burlington, Ontario, Canada), and total RNA was isolated according to the
manufacturer’s instructions. RNA was quantified using the RiboGreen RNA Quantitation
Reagent and Kit (Molecular Probes, Eugene, Oregon). Total RNA was reverse transcribed
using MuLV reverse transcriptase and random hexamers (Applied Biosystems, Mississauga,
Ontario, Canada) according to the manufacturer’s instructions. Briefly, 1000ng of RNA was
added to a reaction mixture of 5 mM MgCl,, 1X PCR Buffer II, 1 mM each dNTP, 1 U/ul
RNase Inhibitor, 1 pm random hexamers, and water to produce a final volume of 60ul. The
mixture was incubated at 42 °C for 1 h, MuLV reverse transcriptase was inactivated by
heating to 99 °C for 5 min, and the reaction was cooled to 5 °C for 5 min followed by storage

at —40 °C until used.
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2.2.2 Real-time PCR primers
The following primer sequences for (-actin, preproET-1, ECE-1, ETa receptor, ETp

receptor, eNOS and iNOS are used from Thomson et al, 2005. Double-desalted primers were

purchased from Invitrogen, Canada.

B-actin Sense (2538-): CAC TAT CGG CAA TGA GCG GTT CC;
Antisense (2774-): CTG TGT TGG CAT AGA GGT CTT TAC GG

PreproET-1 Sense (362- ): GAC AAG GAG TGT GTC TAC TTC TGC;
Antisense (446-): GGC TTC CTA GTC CAT ACG GG

ECE-1 Sense (575- ): AAA AGG CGC AAG TGT ACT ACC G;
Antisense (660- ): CTC AAT CAG CTC CAT CAG GG

ETA receptor Sense (126- ): CTA ATC TAA GCA GCC ACG TGG;
Antisense (225-): CTA GGC AGG GCC AAATTA GG

ETB receptor Sense (948- ). GCT GTC CCT GAA GCC ATA GG;
Antisense (1022- ): AAG CAT GCA GAC CCT TAG GG

eNOS Sense (547-): CGG TAC TAC TCT GTC AGC TCA GC;
Antisense (634-): CAT CCT GGG TTC TGT ATG CC

iNOS Sense: AAT GGT TTC CCC CAG TTC CTC ACT;
Antisense: CTC TCC ATT GCC CCA GTT TTT GA

2.2.3 Real-time PCR analysis of lung and heart gene expression

Master mixes of the reagents were prepared to minimize differences in reagent composition
and pipetting errors. cDNA prepared from 1pug of RNA were incubated with 25ul 1Q SYBR
Green Supermix (Bio-Rad Laboratories (Canada) Ltd., Mississauga, Ontario, Canada) and
200nM of each primer, and the reagent mixture was brought up to 50ul with DNase/RNase-
free water.  All reactions were performed in duplicate on 96-well plates in a

spectrofluorometric thermal cycler (iCycler iQ, Bio-Rad). PCR runs were initiated by
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incubation at 95 °C for 3 min to activate the iTAQ polymerase followed by 40 cycles of 95
°C for 15 s, the appropriate annealing temperature for 15 s (62°C for all the genes and 60°C
for ETg receptor), and 30 s at 72 °C. Fluorescence was monitored at every cycle during the
elongation step. A melt curve was conducted following each run to verify product purity.
Expression was calculated relative to f-actin using the delta-Ct method (Livak and

Schmittgen, 2001), and expressed as fold change relative to air control samples.

2.3 Biochemical analyses
2.3.1 Plasma endothelins

2.3.1.1 Sample preparation

For analyses of endothelins, the samples were processed as follows (Kumarathasan et al,
2001). The conversion of big ET-1 (the inactive precursor that has 38 to 41 amino acids) to
ET-1 (the mature peptide that has 21 amino acids) was prevented by adding 3, 4-
dichloroisocoumarin (highly reactive serine protease inhibitor) to the plasma samples at a
final concentration of 48 mg/mL. Note that ET-2 and ET-3 originate similarly from big ET-2
and big ET-3 precursors, which are cleaved by endothelin-converting enzymes (ECE).
Protein was precipitated with 1.5 volume of ice-cold acid acetone (acetone: 1N HCI: water,
40:1:5). Samples were vortexed and clarified by centrifugation at 9800rpm for 10 minutes
and the supernatants were concentrated by evaporation under nitrogen flow. The
concentrated samples were treated a second time with acid acetone and centrifuged.
Molecular weight cutoff filters (30 kDa; Sigma Chemicals, St Louis MO) were washed with
50ml of deionized water by centrifugation at 7500rpm for 10 minutes. The concentrated
supernatants were then loaded on the molecular weight cutoff filters and centrifuged at

7500rpm for 30 minutes. The filters were washed with 75 ml of 50% methanol. Filtrates
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were dried under a flow of nitrogen. The samples were either stored dry at 40°C or
immediately processed for HPLC analysis. The samples were reconstituted with 75 ml
phosphate-buffered saline, vortexed, and transferred into 1.5-mL amber glass vials with

inserts for HPLC analysis.

2.3.1.2 HPLC analyses

Endothelin-related peptides were measured by HPLC as described by Kumarathasan et al
(2001). The HPLC unit consisted of a Gilson solvent delivery system (Mandel Scientific,
Guelph Ontario), a Gilson autosampler (model 231 XL; Middleton WI), a Supelcosil LC-318
reverse-phase column (25 cm length, 4.6 mm ID, 5 ym particle size, 300 A pore dimension;
Supelco, Oakville Ontario), and a Shimadzu fluorescence detector (model RF 551; Columbia
MD). Injection volume was 20u]. Analytes were resolved using a gradient elution with two
solvents: solvent A consisted of 30% acetonitrile and 0.1% trifluoroaceticacid (TFA) in
water; solvent B consisted of 90% acetonitrile and 0.1% TFA in water. The mobile phase
(flow atl ml/min) was programmed as follows: initial mobile phase 100% solvent A; 3-
minute ramp to 92:8, A:B solvent ratio; held for 12 minutes; 10-minute ramp to 100%
solvent B; held for 5 minutes; S-minute ramp to 100% solvent A; held for 3 minutes. Total
run time was 38 minutes. The fluorescence detector was optimized for high sensitivity
detection with the excitation wavelength set at 280 nm and emission wavelength at 340 nm.
A manual integration method was used with a drop-line method of integration applied to
shoulders or peak overlaps. The limit of detection of the endothelins was 0.2—0.5 pmol on
the column. Linear performance (12 = 0.99) of the detector established for all endothelins

analyzed (big ET-1, ET-1, ET-2, and ET-3) was 1-100 pmol.
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2.3.2 Plasma 3-nitrotyrosine

2.3.2.1 Sample preparation

For analyses of plasma 3-nitrotyrosine, the samples were processed as follows
(Kumarathasan et al, 2003b). Plasma samples (250ul) in 1.5-mL centrifuge tubes were
treated with diethylenetriaminepentaacetic acid (DETPA) (final, 15 mM) and butylated
hydroxy toluene (BHT) (final, 43 mM) and then vortexed. Plasma samples (250ul)
containing BHT and DETPA were treated with 1.5-fold, by volume, of ice-cold acid—acetone
mix (acetone—1 M HCl-water, 40:1:5, v/v) to precipitate proteins. Samples were vortexed
and centrifuged at 9800rpm for 10 min to obtain supernatants and were concentrated to
200ul by evaporation under nitrogen flow. The samples were deproteinized and concentrated
once again. Molecular weight cut-off filters (30 kDa) were washed with 50ul of deionized
water by centrifugation at 7500rpm for 10 min. Concentrated samples were then loaded into
the washed molecular mass cut-off filters and centrifuged at 7500rpm for 30 min. After
complete drainage of samples, the molecular mass cut-off filters were washed with 100ul
aliquots of a methanol-water (50:50, v/v) mix. Filtrates were then dried under a flow of
nitrogen. Samples were reconstituted with 200ul of acidified water, vortexed gently and

were diluted as required for the analysis by HPLC.

2.3.2.2 HPLC analyses

3-Nitrotyrosine was analysed by HPLC-Coularray (Kumarathasan et al, 2003b). The HPLC
unit consisted of a solvent delivery module (model 582; ESA, Chelmsford, MA, USA), a
ESA autosampler (model 542), a ESA model 5600A CoulArray detector and a Supelcosil

LC18 reversed-phase column (25 cmx4.6 mm LD., Sum particle size; Supelco). The
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CoulArray detector unit comprised eight electrodes in series. The mobile phase was prepared
as given below. 15.485g of citric acid’s trisodium salt, 0.48g of octane sulfonic acid and
272ml of acetate buffer (6.56f of anhydrous sodium acetate and 7.2ml of glacial acetic acid
are transferred into a 11 volumetric flask, and then the volume is made up using deionised
water. pH of the solution was adjusted to 4.45) are transferred into 21 volumetric flask, and
28ml of methanol and 8.8ml of 1N HCL are added to this solution. The final volume was
made using deionised water and then degassed for 20 minutes. Isocratic elution of analytes
was carried out at a flow-rate of 1.0 ml/min. The applied voltages on the eight channels were
+ (0, 150, 300, 450, 600, 650, 700, 800) mV. Injection volume was 25ul. Run time was 38
min for the set of target analytes discussed in this study. Working standard solutions, plasma

samples, and spiked plasma were analyzed along with acidified water blanks.

2.3.3 Total Protein
Total Protein in Lavage was determined by the Coomassie blue dye-binding assay using
Bovine serum albumin as standard (Vincent et al, 1996). 250 ug/ml working standard
solution in PBS was made from a 2 mg/ml BSA stock (1:8 dilution). A standard curve was
done with a concentration of 0 to Sug of BSA/well. 20ul lavage was taken for the analysis.
180ul Coomassie Blue reagent was added to all the wells and agitated 10 minutes on an

orbital shaker. Plate was read at 600 nm in a spectrophotometer.

2.3.4 Isoprostanes Assay
Plasma Isoprostanes were determined as per manufacturer’s instructions (Cayman’s
chemical quantification kit, Cayman Chemical Company, MI, USA). Samples were prepared
before as below: it was determined from previous assays that a minimum of 12.5ul of
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plasma is needed for the results to fall within the linear part of the standard curve of the
Cayman immunoassay kit used (i.e. for one reading). Assay was done with 100ul of plasma
(100ul) and dilutions are made accordingly to insure precision of results. The samples
obtained were purified using C18 SepPak cartridges from Waters Inc, USA using the
following procedure: For all of the purification steps attach the syringe to the longest end of

the SepPak cartridge.

One ml syringe was used to administer 1 ml methanol wash to SepPak cartridge in a drop
wise fashion (after this step the cartridge should not go dry until the sample was passed on
it). A new syringe was used to wash through 2 x 1 ml deionized water drop wise to displace
all of the molecules of MeOH. With a new syringe a sample volume of 100ul was drawn
past the needle tip of the syringe and then pushed through the sample. Because sample
volume is lower than 250ul, volume was completed to 250ul with dH,O. 2 x 1ml of air was

displaced through the cartridge with the same syringe that was used for the sample.

One ml deionized water wash done and displaced 1 ml of air with the syringe through the
cartridge. Methanol syringe was used for 3 x 1 ml methanol elution into 4 ml amber glass
vial. This was done slowly and care was taken to make sure the filter cartridge does not sit
on the lip of the amber glass vial. Air (2 x 1 ml) was displaced to finish elution in same vial.
Same syringe was used that was used for MeOH elution. All samples were dried completely
under N; flow in the amber glass vials. The drying stage was done the same day as sample
processing and stored overnight at -20 °C. The purified samples can be stored up to two
weeks at -20 °C until further analysis. Since sample volume was 100ul and processed up to
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dryness, it was reconstituted in 400ul of 1X enzyme immunoassay buffer (EIA) from kit.
From this 4X dilution, 50pul was taken for assay on the plate. Each sample was assayed in

duplicate from the reconstituted sample.

2.4 Statistical analyses

Data are expressed as means £ SEM. In the dose response study, the effects of different
doses (0, 2, Smg/kg body weight of AEOL of the drug as levels) and time (2hr and 24hr post
exposure) as factors were tested for statistical significance by two-way ANOVA followed by
Holm-Sidak’s procedure to elucidate the pattern of significant effects (=0.05) using Sigma-
Stat (Sigma-Stat 3.0, Chicago, Illinois). In the particle exposure study, data were analyzed
by 3-way ANOVA (a=0.05) with AEOL (-AEOL, +AEOL), exposure (air, ozone, EHC) and
time post exposure (immediate, 24 hours) as factors. There was no statistically significant
three-way AEOL X Exposure X Time factor interaction. Therefore, the data were analyzed

by 2-way ANOVA using AEOL and exposure as factors for each of the recovery time points.
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3 RESULTS

3.1 Dose Response Study
3.1.1 Specific aim
The aim of the dose response study is to verify the highest safe dose of AEOL 10150 that

does not alter the basal expression of the endothelin system gene.

3.1.2 Results

3.1.2.1 Total Protein in BAL

The pathophysiological index of a proceeding lung inflammation is increased total protein
content obtained in bronchoalveolar lavage (Folkesson, 1991). In this study, no significant
changes were noticed in the total protein levels in the BAL at different dose levels of the

drug (Figure 6).

3.1.2.2 ET-1 and ECE-1 gene expression in lungs and heart

Pulmonary tissue contains some of the highest concentrations of ET-1 of any organ
(Matsumoto et al, 1989). Endothelin can influence cardiac function in a variety of ways
including vasoconstriction, mitogenesis, release of atrial natriuretic peptide, and inotropic
effects. Vascular endothelium, the conducting system, and cardiomyocites themselves are all
potential sources of ET (Highsmith, 1998). The results show a trend in lung and heart ET-1
mRNA expression suggesting an increase in the animals injected with 5Smg/kg body weight
of the drug after 2 hours post exposure. But the changes were not statistically significant
(Figure 7). There were no changes of ECE-1 mRNA expression in the lungs after injection

of AEOL. However, heart ECE-1 mRNA expression was increased significantly 2 hours and
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24 hours after treating with 5mg/kg body weight of AEOL (Two-way ANOVA, Time X dose,
p=0.006, Holm-Sidak: within 2hours: Omg Vs Smg, P=0.036, 2 mg Vs 5 mg, P=0.052;
within24 hours: 2 mg Vs 5 mg, P=0.029). Overall, the results indicate that the dose of 2
mg/kg body weight of AEOL 10150 does not have an impact in the steady state mRNA

levels of prepro ET-1 and ECE-1 in the lungs and the heart.
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Figure 6. Total protein recovered in bronchoalveolar lavage fluid.

Results are expressed as meant+SE; n=6 animals/group.
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Figure 7. Lung and heart ET-1 & ECE-1 mRNA.

Mean+SE, n=6 animals/group. Results are expressed as fold change relative to the control
samples. Heart ECE-1: Two-way ANOVA, Time X dose factor interaction, p=0.006. Holm-

Sidak: @ within 2hours: 0 mg Vs 5 mg, P=0.036,; b within 2 hours: 2 mg Vs 5 mg, p=0.05; ¢
within 24 hours: 2 mg Vs 5 mg, p=0.029.
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ET4 and ETg Receptor expression in Lung and Heart

Lung ET, receptor expression was decreased significantly (7wo-way ANOVA: AEOL and
time as factors. AEOL main effect, p=0.045, Holm-Sidak multiple comparison: 0 Vs 5 mg,
p=0.014) in the animals injected with 5 mg/kg body weight of the drug at 2 hours post
exposure when compared to the animals injected with 0 and 2 mg/kg body weight of the
drug. Significant changes were not noticed in the endothelin receptor expression in heart in
the animals injected with different doses of the drug when compared to controls. Therefore,
the results show that a dose of 2 mg/kg body weight of the drug does not alter the steady

state mRINA expression levels of endothelin receptors (Figure 8).
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Figure 8. Lung and heart ET 4 & ETp receptor mRNA.

Mean+SE. n=6 animals/group. Results are expressed as fold change relative to the control
samples. Lung ET4: Two-way ANOVA, AEOL main effect, p=0.045. Holm-Sidak: @ 0 Vs 5
mg, p=0.014. Lung ETp: Two-way ANOVA, a Time main effect, p=0.028.
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3.1.2.3 eNOS and iNOS gene expression in Lungs and Heart

Nitric oxide, an essential molecule in the physiology of human body is produced by NOS.
Endothelium derived NO is a potent endogenous vasodilator that contributes to the low
pulmonary vascular tone and exerts an antiproliferative effects on smooth muscle cells
(Barbera et al, 2001). iNOS is a mediator of unspecific host defense, central in the
clearance of bacterial, viral, fungal and parasitic infections. However, excess production of
NO appears to be linked to tissue damage and organ dysfunction (Lirk et al, 2002). In my
study, lung iNOS expression has significantly increased at 5 mg/kg body weight of the drug
after 2 hours and decreased after 24 hours of injection of the drug (Two-way ANOVA, Time X
Dose, p<0.001. Holm-Sidak: within 2hours, 0 Vs Smg, p<0.001; 2mg Vs Smg, p<0.001;
within 24 hours, 0 Vs 5mg, p=0.047; within 2 and 5mg, 2 Vs 24 hours, p<0.01) when
compared to 0 and 2mg/kg body weight of the drug. Significant changes were not noticed in
the lung eNOS and heart eNOS and iNOS expression at different dose levels of the drug

(Figure 9).
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Figure 9. Lung and heart eNOS & iNOS mRNA.

Mean+SE, n=6 animals/group. Results are expressed as fold change relative to the control
samples. Lung iNOS: Two-way ANOVA, Time X Dose, p<0.001. Holm-Sidak: @ within 2

hours, 0 Vs 5 mg, p<0.001; b 2 mg Vs 5 mg, p<0.001; ¢ within 24 hours, 0 Vs 5 mg,
p=0.047. within 2 and 5 mg, 2 Vs 24 hours, p<0.01.
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3.1.2.4 Plasma Endothelin

Endothelin-1 is the predominant isoform expressed in vasculature and the most potent
vasoconstrictor currently known (Agapitov & Haynes, 2002). When plasma was analysed for
peptide levels, the results indicate that there was no significant change in the Big ET-1 and
ET-2 levels at different doses of the drug. But, Plasma ET-1 levels decreased significantly at
5 mg/kg body weight of the drug at both 2 and 24 hours post exposure (Two-way ANOVA,
time main effect, P=0.042. Holm-Sidak: 2 hr Vs 24 hr, p<0.05. AEOL main effect, p=0.001.
Holm-Sidak: 0 Vs 5 mg, p<0.001; 2 mg Vs 5 mg, p<0.001) whereas there was no change
between 0 and 2 mg/kg body weight of the drug. Similarly plasma ET-3 levels decreased at 5
mg/kg body weight of the drug after 24 hours post exposure when compared to control and 2
mg/kg body weight of the drug. (Two-way ANOVA, AEOL main effect, P=0.014, Holm-
Sidak: 2 mg Vs 5 mg, P=0.004.). At the dose of 5 mg/ kg body weight, the drug reduces

plasma ET-1 (Figure 10).
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Figure 10. Levels of the bigET-1, ET-1, ET-2 and ET-3 peptide in plasma of animals treated
with AEOL.

Mean+SE, n=6animals/group. Plasma ET-1: Two-way ANOVA, time main effect, p=0.042.
Holm-Sidak: @ 2 hour Vs 24 hour, p<0.05. AEOL main effect, p=0.001. Holm-Sidak: b 0 Vs
5 mg, p<0.001; ¢ 2 mg Vs 5 mg, p<0.00l. Plasma ET-3: Two-way ANOVA, AEOL main
effect, P=0.014, Holm-Sidak: a 2 mg Vs 5 mg, P=0.004.
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3.1.2.5 Plasma Isoprostanes

8-1soprostane is the stable end product of arachidonic acid oxidation generated by ROS
attacks on membrane phospholipids (Waugh et al, 1996). Yura et al, 1999 have
demonstrated that free-radical-generated F2-isoprostane stimulates DNA synthesis and
endothelin-1 (ET-1) expression on endothelial cells. The results in my study indicate that
plasma isoprostane levels have decreased significantly in the animals injected with 2mg/ kg
body weight of the antioxidant drug at both 2 and 24 hours post exposure when compared to
the control animals (Two-way ANOVA, AEOL main effect, P=0.036. Holm-Sidak multiple
comparison: 0 Vs 2 mg, p=0.011). Significant changes were not noticed at Smg/kg body

weight of the drug when compared to control levels (Figure 11).

3.1.2.6 Plasma 3-Nitrotyrosine

Nitrotyrosine represents the stable end product of cell membrane protein-bound tyrosine
nitration by peroxynitrite caused by increased NO (Mihm et al, 2001). In this study, the drug
significantly reduced plasma 3-nitrotyrosine in the rats injected with Smg/kg body weight of
the drug and there seems to be dose dependent decrease in the plasma nitro tyrosine levels in
the animals injected with the drug when compared to the control animals (Two-way ANOVA,
time point main effect, P=0.07; AEOL main effect, P=0.003, Holm-Sidak: 0 Vs5 mg,

p<0.001; 2mg Vs 5 mg, p=0.039) after 2 and 24 hours after exposure (figure 12).

42



Figure 11. Plasma isoprostane

Mean+SE, n=6 animals/group. Two-way ANOVA, AEOL main effect, P=0.036. Holm-Sidak:
ao0Vs2mg p=0.011.
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Figure 12. Plasma 3-nitrotyrosine.

Mean+SE, n=6 animals/group. Two-way ANOVA, time main effect, p=0.07; AEOL main
effect, p=0.003, a 0 Vs5 mg, p<0.001; b 2 mg Vs 5 mg, p=0.039.
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3.1.3 Summary
A summary of the results of the dose response study is shown in Table 1 below (all arrows

are p<0.05). From this study, it was found that:

1. The dose of 2mg/kg body weight of AEOL 10150 does not alter plasma endothelin levels
nor the ET-1, ECE-1, ETy receptor, ETy receptor, eNOS, iNOS expression in lungs and

heart.

2. The dose of 2mg/kg body weight of the drug is sufficient to reduce oxidative stress, which

is indicated by plasma isoprostane levels

3. AEOL decreases plasma 3-nitrotyrosine with significant decrease at the dose of Smg/kg

body weight of the drug when compared to the control levels.

Table 1. Dose response Study

Lung Heart Plasma
0 2 5 0 2 5 0 2 5
2hr post VETA NECE-1 VIsoP | VET-1
MNNOS VNT | VET-3
VNT
24hr post VIsoP | VET-1
VNT | VET-3
WNT
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3.2 Particle exposure study
3.2.1 Specific aim
The aim of this study is to determine the effects of scavenging superoxide with AEOL 10150
on the regulation of the pulmonary ET system genes and the circulating levels of ET in rats

exposed to PM and ozone.

3.2.2 Results

3.2.2.1 ET-1 & ECE-1 gene expression in lungs and heart

The results (Figure 13) indicate that expression of preproET-1 (Two-way ANOVA, Exposure
main effect, p<0.001, Holm-Sidak: ozone Vs air, p<0.01; ozone Vs EHC, p<0.0l. AEOL
main effect, p<0.001) and ECE-1 (Two-way ANOVA, Exposure main effect, p=0.058; AEOL
main effect, p=0.032) in lungs have increased immediately after exposure to Ozone. The
increase in the expression was not reversed by the drug immediately. After 24 hours
recovery in clean air, there is a trend showing an increase in the expression of preproET-1
due to ozone and particles (not significant), but the increase due to pollutants is reversed by
the SODm (Two-way ANOVA, AEOL, p=0.027). Thomson et al (2004) have reported an
increase in mRNA levels of prepro ET-1 two hours after exposure to air pollutants. There is
no statistically significant change in the lung ECE-1 mRNA expression due to ozone and

particles (Figurel3).

In the heart, the expression of preproET-1 (Two-way ANOVA, Exposure main effect,
p=0.048; Holm-sidak: ozone Vs air, p=0.02; EHC Vs air, p=0.07. AEOL main effect,
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P=0.047) and ECE-1 (Two-way ANOVA, Exposure main effect, P=0.023; Holm-sidak:
ozone Vs air, p=0.008) mRNA have increased immediately due to ozone and particle
exposure (Figurel4). The drug prevented the increase in the expresson of heart ET-1
immediately after ozone and particle exposure. The results show a trend in heart ET-1 and
ECE-1 mRNA expression after 24 hours of exposure suggesting an increase in the
expression due to ozone and particles and the drug might be preventing the increase caused
by the pollutants but the changes are not statistically significant. Gong et al (1998) has
demonstrated that O; exposure can increase myocardial work and impair pulmonary gas
exchange to a degree that might be clinically important in persons with significant

preexisting cardiovascular impairment, with or without concomitant lung disease.
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Figure 13. Lung ET-1 & ECE-1 mRNA.

Mean+SE, n=4-6. Results are expressed as fold change relative to the air control samples.

Lung ET-1 immediate: Two-way ANOVA, Exposure main effect, P<0.001; Holm-Sidak: a
ozone Vs air, p<0.001; ozone Vs EHC, p<0.001. AEOL main effect, p<0.001.Lung ET-1

24hour post: Two-way ANOVA, @ AEOL main effect, p=0.027, Lung ECE-1 immediate:
Two-way ANOVA, @ AEOL main effect, p=0.032; Lung ECE-1 24hr post: Two-way ANOVA,
a AEOL main effect, P=0.048;
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Figure 14. Heart ET-1 & ECE-1 mRNA.

Mean+SE, n=4-6 animals/group. Results are expressed as fold change relative to the air
control samples. Heart ET-1 immediate: Two-way ANOVA, Exposure main effect, a

p=0.048; Holm-sidak: b ozone Vs air, p=0.02; ¢ EHC Vs air, p=0.07. AEOL main effect,
p=0.047 Heart ECE-1 immediate. Two-way ANOVA, a Exposure main effect, p=0.023.

Hold-Sidak: Ozone Vs air, p=0.008
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3.2.2.2 Plasma Endothelins

Plasma endothelins (bigET-1& ET-1) were increased immediately after exposure to ozone
and particles (p<0.01). Pre-treatment of the animals with the SOD mimetic has prevented the
increase due to air pollutants in the plasma levels (bigET-1: AEOL X exposure p<0.079;
ET-1: AEOL X exposure p<0.01). After 24 hours recovery in clean air, plasma endothelin
levels (bigET-1& ET-1) were increased in animals exposed to ozone or particles (p<0.01),
an effect that was reversed by pre-treatment with the SOD mimetic (AEOL X Exposure,
p<0.01) (Figure 15). Significant changes were not noticed in plasma ET-2 and ET-3 levels
(Figure 16). Hirano et al (2003) suggested that the organic fraction of particulate materials in
the urban air has a potency to cause oxidative stress to endothelial cells and may be
implicated in cardiovascular discases through functional changes of endothelial cells.
Vincent et al (2001a) have reported an increase in plasma ET-1 in rats exposed to EHC-93
particles after 32 hours. Plasma endothelin-1 concentrations are elevated two-fold to fourfold
in humans with moderate-to-severe congestive heart failure and closely correlate with the

severity of this disorder, irrespective of the cause (Wei et al, 1994).
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Figure 15. Plasma bigET-1 & ET-1.

Mean+SE, n=4-6 animals/group. Two-way ANOVA Big ET-1 immediate: @ AEOL main
effect, p<0.001; Exposure main effect, p<0.001; b EHC Vs air, p<0.001; ¢ ozone Vs air,
p<0.001. Big ET-1 24hour: Exposure X AEOL, p<0.001: Within -AEOL, @ ozone Vs air,
P<0.001; b EHC Vs air, p<0.001; ozone Vs EHC, p=0.023. ¢ Within air, + AEOL Vs -
AEOL, P=0.021; d within ozone, 0 Vs 2, p<0.001. Plasma ET-1 immediate: Exposure Vs
AEOL, p<0.001: Within -AEOL, @ Ozone Vs air, p<0.001; b EHC Vs air, p<0.001; Within
+AEOL, EHC Vs ozone, P=0.005; ¢ within ozone, + AEOL Vs - AEOL, p<0.001. Plasma
ET-1 24hr post: Exposure Vs AEOL, p<0.001. Within — AEOL, @ ozone Vs air, p<0.001; b

EHC Vs air, p<0.001; ¢ within ozone, + AEOL Vs - AEOL, p<0.001; d within EHC, +
AEOL Vs — AEOL, p< 0.001.
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Figure 16. Plasma ET-2 & ET-3

Mean+SE, n=4-6 animals/group. ET-2 immediate: Two-way ANOVA, exposure X AEOL,
p=0.04; Holm-sidak: @ within ozone, + AEOL Vs — AEOL, p=0.045; b within +AEOL, air
Vs ozone, p=0.004.
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3.2.2.3 Plasma isoprostanes

Plasma isoprostane levels are increased in smokers, in hepatorenal syndrome and acute
paracetamol intoxication and in scleroderma, all of which are pathophysiologic conditions in
which oxidative stress is increased (Montuschi et al, 1999). Elevated systemic oxidative
stress is considered risk factors for human CVD (Ridker, 1997) and has been associated with
inflammatory processes and endothelial alterations (Kodavanti, 2002). In this study, plasma
isoprostane levels increased due to ozone and particles and there was no effect of the drug
immediately (Two-way ANOVA with exposure and AEOL as factors: Exposure main effect,
P=0.049. Holm-sidak: ozone Vs air, p=0.01). After 24 hours, a trend of increase (not
significant) can be seen in the plasma isoprostane levels and the drug has prevented the
increase due to air pollutants (Figure 17). Montuschi et al (1999) have reported an increase
in isoprostane levels in exhaled condensate of asthma patients where there is an evidence of

imbalance of oxidants and antioxidants.

3.2.2.4 Plasma 3-nitrotyrosine

The reaction of NO and superoxide has been shown to yield peroxynitrite, a highly reactive
oxidant species (Zingarelli B et al, 1997). Circulating levels of protein 3-nitrotyrosine may
serve as a biomarker to assess atherosclerosis risk as well as to monitor the vasculoprotective
action of the drugs (Radi R, 2004). In my study, (Figure 18) there is an increase in the levels
of plasma nitrotyrosine due to ozone and particles immediately and 24hours post exposure
and the drug abrogated the effects caused by pollutants (2 way ANOVA, Exposure Vs AEOL,

p<0.01) (Figure 18).
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Figure 17. Plasma isoprostane

Two way ANOVA with exposure and AEOL as factors: Exposure main effect, P=0.049.
Holm-sidak multiple comparison: ozone Vs air, p=0.0135.
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Figure 18. Plasma 3-nitrotyrosine

NT-immediate: Two-way ANOVA exposure X AEOL, P<0.01; Holm-sidak multiple
comparison: within -AEOL, a ozone Vs air, p<0.001; b EHC Vs air, p<0.001. ¢ within air,

+ AEOL Vs- AEOL p<0.032, d within ozone and e EHC, + Vs - AEOL, p<0.001 and
p<0.006 respectively. NT-24 hour post: Two-way ANOVA, exposure X AEOL, p<0.001;

Holm-sidak multiple comparison: within -AEOL, @ ozone Vs air, p<0.001; b EHC Vs air,
p<0.001. ¢ within ozone, + AEOL Vs - AEOL p<0.001, d within EHC, + Vs - AEOL,
p<0, 001.
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3.2.3 Summary
Tables 2 and 3 given below shows the summary of results of the lung and heart ET-1 and

ECE-1 expression in particle exposure study (all arrows are p<0.05, otherwise indicated).

Table 2. Particle exposure study- LUNG

Control AEOL
Air | O3 EHC-93 | Air 03 EHC-
93
Immediate N ET-1,ECE-1 NET1,ECE-1
24hr post N ET-1 (NS) N ET-1
(NS)

Table 3. Particle exposure study-HEART

Control AEOL
Air 03 EHC-93 Air 03 EHC-93
Immediate NET-1 TET-1 MNET-1 NET-1
NECE-1
24hr post NET-1, MNET-1,
NECE-1 (NS) MECE-1 (NS)




Table 4 given below shows the summarized results of plasma endothelin, isoprostane

and nitro tyrosine levels in particle exposure study (all arrows are p<0.05).

Table 4. Particle exposure study-PLASMA

Control AEOL
Air 03 EHC-93 Air 03 EHC-93
Immediate NbET-1 MET-1, ET-1 THET-1 | MHET-1
NET-1, ANNT NsoP
N IsoP, NNT
24hr post MNHET-1,ET-1 | NET-1,ET-1
NNT NNT
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4 DISCUSSION

Air pollution PM exposure affects cardiac, pulmonary and vascular changes within healthy
and susceptible individuals resulting in reports of increasing morbidity and mortality. Insight
into the mechanisms by which air particulate pollution mediates its health effects 1s
necessary to provide biological plausibility to epidemiological associations between PM
exposure and adverse health effects. A surge of circulating endothelins after breathing air
pollutants may account for acute cardiovascular symptoms and adverse events in susceptible
individuals. Additional studies have shown that air pollutants induce an oxidative stress in
the lungs. My objective was to block a potential superoxide surge during or after inhalation
of pollutants with a superoxide dismutase (SOD) mimetic drug (AEOL 10150) in order to
verify whether oxidative stress pathways play a role in the regulation of the endothelinergic
system. Before considering using AEOL 10150 in my studies on health impacts of air
pollution, I have verified the impact of AEOL 10150 on the baseline values of our critical
toxicity endpoints. In this study endothelin expression is monitored as an indicator of
endothelial dysfunction an acute effect of air pollutants. There is some evidence that AEOL
10150 at high dose will have hypotensive effects, and we need to ensure that AEOL 10150 at
low dose will not modulate by itself the expression of the endothelin system, as this could
constitute a confounding effect in the interpretation of an eventual protective effect of free
radical scavengers in the pathway of induction of endothelins due to air pollutants. It could
not be predicted from the literature what would be the effect of AEFOL 10150 on the

expression of endothelin system genes.
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Therefore, rats were treated with AEOL 10150 to study the response of the endothelin
system. The aim is to identify the highest safe dose of AEOL 10150 that has no impact on the
endothelin system such that the drug can be administered in subsequent studies of air
pollution in order to block superoxide pathway. Warnholtz and Munzel (2000) have
suggested that optimal dose of antioxidants must be titrated in order to improve rather than
worsen vascular function. Tempol, a SODm treatment (10 or 100 mg/kg, 1.v.) dose-

dependently suppressed the ischemia/reperfusion-induced increments of renal ET-1 content

(Sedeek et al, 2003).

4.1 Dose response study

4.1.1 Total protein in BAL
No significant changes were noticed in the total protein levels in the BAL at different dose
levels of the drug indicating the absence of inflammation in rats injected with different doses

of the drug.

4.1.2 ET-1 and ECE-1 gene expression in lungs and heart
In this study, heart ECE-1 expression was significantly increased two hours after injection of
5 mg AEOL /kg when compared to the control and 2mg/kg body weight of the drug.
Goodwin et al (2002) have demonstrated an increase in heart ECE-1 mRNA expression after
ischemia without a significant increase in prepro ET-1. Increased ECE-1 expression in heart
may lead to increased tissue peptide levels. Endothelin is present in normal plasma, and its
circulating and tissue concentrations are elevated in cardiovascular disease associated with

endothelial dysfunction and coronary spasm (Lerman et al, 1995). Hypercholesterolemia
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leads to endothelial dysfunction and is associated with increased ET levels in plasma and
tissue. In addition, the increased release of ET-1 stimulates the synthesis of transforming
growth factor-81, basic fibroblast growth factor, epiregulin, platelet-derived growth factor,
and various adhesion molecules implicated in atherogenesis (Luscher and Barton, 2000).
Chronic ET-1 stimulation can result in myocardial fibrosis and hypertrophy and vascular
fibrosis with extracellular matrix proliferation (Rich and Mclaughlin, 2003). Khan et al
(2002) have shown that an extract of red wine polyphenols with antioxidant properties
causes a concentration-dependent inhibition of endothelin-1 synthesis in cultured bovine
aortic endothelial cells. Several cardiovascular drugs have been considered as antioxidant
supplements when used in patients suffering from different cardiovascular diseases. Lopez-
Ongil et al (2000) have shown that superoxide inhibits ECE by ejecting zinc from the
enzyme suggesting that superoxide play an important role in regulating the biology of blood
vessels. In this study the antioxidant drug at the dose of 5 mg/kg body weight, increases
ECE-1 expression in the heart and this might lead to increased tissue peptide levels. In
failing hearts, an activation of the ET system has been found; myocardial tissue levels of ET-
1 are increased along with increased density of ET receptors rainly in the form of ETA

because of upregulation in the myocardium (Ito et al, 1993).

4.1.3 ETA and ETB receptor expression in Lung and Heart

In this study, lung ET4 receptor expression has decreased in animals injected with 5 mg/kg

of the drug after 2 hours when compared to control and 2 mg/kg of the drug and ETp

receptor expression has increased (not significant) at the dose of 5 mg/kg of the drug.
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Binding of ET-1 to either ETs or ETg receptors on vascular smooth muscle cells leads to
contraction, whereas activation of ETp receptors located on endothelial cells induces

relaxation (Hirata et al, 1995). ET-1 was described to exert a bi-directional effect by either

enhancing NO production via ETg receptors located in endothelial cells or blunting its effect

via ET  receptors prevalently located in the vascular smooth muscle cells. (Lee et al, 2004).

4.1.4 eNOS and iNOS gene expression in Lungs and Heart

Results suggest that lung eNOS expression might be increased (not significant) at Smg/kg
body weight of the drug after 2Zhours when compared to 0 and 2 mg/kg body weight of the
drug. Also, lung iINOS expression has significantly increased significantly at Smg/kg body
weight of the drug after 2 hours when compared to 0 and 2 mg/kg body weight of the drug.

The endothelium plays an important role in the regulation of blood pressure, and the lung,
with its large vascular bed, is the main source of various components of blood pressure
regulating systems. One of the compounds is NO, a vasodilating compound that is
synthesized in the lung by endothelial nitric oxide synthase (eNOS) (Adnot et al, 1995).
Since NO and ET-1 are vascular tension regulators secreted by endothelial cells, the
expression of NOS genes were studied to see if AEOL 10150 influence the regulation of NO.
In addition to reducing the bioavailability of NO, ROS may also be involved in the
regulation of the expression of eNOS, the enzyme that generates NO in the endothelium. To
maintain an adequate eNOS activity and therefore the ability of endothelium to produce NO,
it is essential to preserve the expression of eNOS enzyme (Farre and Casado, 2001). As a
result of induction of iNOS, large amounts of the free radical NO might be formed, causing

tissue damage. NO is an effective vasorelaxing compound, counterbalancing the effects of
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endothelins and angiotensin II, but at high concentrations it contributes to endothelial
damage. Endothelial dysfunction results in an imbalance between mediators that are
involved in the regulation of blood pressure (Ulrich et al, 2002). Nitric oxide produced by
INOS results in a fall in blood pressure, a decrease in peripheral vascular resistance, and a

hyporesponsiveness of arteries and veins to endogenous and exogenous vasoconstrictors

(Szabo, 1995).

4.1.5 Plasma endothelins

In this study, plasma ET-1 decreased significantly in animals injected with 5 mg/kg of the
drug after 2 and 24 hours when compared to control and animals with 2 mg/kg body weight
of the drug. Ross et al (2002) have shown that 5 mgkg of AEOL 10150 injected
subcutaneously caused hypotensive effect in rats. A dose of 0.5mg/kg body weight of AEOL
10150 given intravenously to rats has been shown to cause hypotension by stimulation of
histamine release, which is a well-known vasodilator. But, no such effect was noticed in rats
when the drug (4.5 micrograms/kg) was given via intra-cerebro-ventricular route (Sheng et
al, 2002) or when the drug (5mg/kg) was administered intratracheally (Smith et al, 2002).

The effects of ET-1 on heart are multiple, and are more or less a function of the plasma level
of ET-1. With normal ET-1 plasma levels, it exerts a positive inotropic effect and elevated
plasma levels of ET-1 result in a decline in cardiac output (Khan, 2005). In this study, at the
dose of 5Smg/kg body weight the drug reduces plasma ET-1 and this might lead to changes in
cardiac function. Overall, in this study, heart ECE-1 expression has increased at Smg/kg
body weight, which might lead to increased tissue peptide levels and heart ETa receptor
expression has decreased in the animals injected with Smg/kg body weight of the drug. The

results also suggest that there might be an autocrine feedback mechanism modulating
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vasoconstriction in response to reduced plasma endothelin by the drug at S5mg/kg body
weight by stimulation of nitric oxide synthases. Overall, there is no significant change in the
endothelin system gene expression in the animals injected with 2mg/kg body weight of the

drug when compared to control levels.

4.1.6 Plasma isoprostanes
Many oxidative footprints (products damaged by ROS) are thought to be the result of
nonenzymatic reactions between reactive oxygen species and organic molecules, such as
proteins, lipids, or DNA. For instance, ROS can react with nitrogen species and then tyrosine
to form nitrotyrosine. ROS react with lipids to liberate isoprostanes (Bowler & Crapo
2002b). Measurement of F2-isoprostanes is the most reliable approach to assess oxidative
stress in vivo, providing an important tool to explore the role of oxidative stress in the
pathogenesis of human disease (Montuschi et al, 2004) and it might provide a sensitive
biochemical basis in dose-finding studies with antioxidants (Robert & Morrow, 2000). The
results indicate that plasma isoprostane levels have decreased significantly in the animals
injected with 2 mg/ kg body weight of the drug at both 2 and 24 hours post exposure when
compared to the control animals. Significant changes were not noticed at 5 mg/kg body
weight of the drug when compared to control levels. Consistent with this study, Day et al

(1999) have shown that metalloporhyrins are potent inhibitors of lipid peroxidation.

4.1.7 Plasma 3-nitrotyrosine
Nitrotyrosine (NT), a marker of protein nitration by peroxynitrite, has been found in
inflammatory cells, airway epithelium, and vascular endothelium of human lung
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allotransplants (de Andrade, 2000). In this study, SODm, AEQOL 10150 at the dose of §
mg/kg significantly reduced the plasma nitrotyrosine levels and marginally reduced (not
significant) the nitrotyrosine levels at the dose of 2 mg/kg in plasma when compared to the

control animals at both 2 and 24 hr post exposure.

4.1.8 Conclusion
There was an altered expression in lung ET-1, heart ECE-1, lung ET,, lung eNOS & lung
iNOS mRNA and changes in the plasma ET-1 levels at the dose of 5 mg/kg body weight of
the drug and no significant impact at the dose of 2 mg/kg body weight of the drug in the
endothelin system when compared to the control levels. So, a dose of 2 mg/kg body weight
of the drug was selected for the next phase of this study to see if oxidative stress pathway

controls the induction of endothelin system due to air pollution.

4.2 Particle exposure study
4.2.1 ET-1 & ECE-1 gene expression in lungs and heart
In this study, the results indicate that expression of preproET-1 and ECE-1 in lungs have
increased 2.5 and 1.25 fold respectively immediately after exposure to Ozone. The increase
of prepro ET-1 and ECE-1 mRNA expression measured immediately after the exposure to
ozone was not prevented by pre-treatment with SODm. After 24 hours recovery in clean air,
there is an increase in the expression of preproET-1 due to ozone and particles (not
significant), but the increase due to pollutants is reversed by the SODm. In the heart, the
expressions of preproET-1 and ECE-1 mRNA have increased immediately (2-2.5 fold) due
to ozone exposure. After 24 hours recovery in clean air, expression of prepro ET-1 mRNA

and ECE-1 might have increased due to ozone and particles, and the drug has brought down
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the increase due to air pollutants. Lung oxidants increased immediately upon exposure to
concentrated ambient particles, significant oxidative stress in the heart was observed only
after a 1-h lag phase (Gurgueira et al, 2002) suggesting that lung cells signal the heart of the
presence of an oxidant insult probably via either nervous or systemic mediators (Gonzalez-
Flecha, 2004). Increasing evidence suggests that ROS such as superoxide anion, hydrogen
peroxide, and hydroxyl radical are produced by a variety of cell types and may modulate
physiological and pathophysiological processes (Schnackenberg, 2002) and they also have
direct vasocontractile effects on several vessels such as rat aortas (Peters et al, 2000).
Oxidative stress is known to stimulate renal ET-1 production at a stage of its gene expression
(Hughes, 1996). Moreover, some antioxidative agents could suppress the ET-1 production in
renal and vascular endothelial cells (Ohkita et al, 2002). Other studies have indicated that
increasing oxidant stress reduces ET-1 production by endothelial cells (Michael et al, 1997;
Saito et al, 1998). Patients with a variety of inflammatory lung diseases, including the acute
respiratory distress syndrome, have evidence for increased ET-1 production and reactive
oxygen species generation in their lungs (Langleben et al, 1993). Kahler et al (2001) and
Ruef et al (2001) have shown that oxidative stress increases ET-1 synthesis in human
smooth muscle cells. Gurgueira et al (2002) have shown that inhalation of ambient air
particles, but not control inert particles, rapidly increases the steady-state concentrations of
oxidants and an increase in the activity of several antioxidant enzymes in both heart and
lung. In my study, ozone and particles might have increased ET-1 and ECE-1 expression due

to oxidative stress and the antioxidant drug might have reversed the effect.
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4.2.2 Plasma endothelins
In this study, plasma endothelins (bigET-1& ET-1) were increased immediately after
exposure to ozone and particles. Pre-treatment of the animals with the SOD mimetic has
prevented the ET-1 increase due to air pollutants in the plasma levels. After 24 hours
recovery in clean air, plasma endothelin levels (bigET-1& ET-1) were increased in animals
exposed to ozone or particles, an effect that was reversed by pre-treatment with the SOD
mimetic. Significant changes were not noticed in plasma ET-2 and ET-3 levels. Bouthillier
et al (1998) reported an increase in immunoreactive ET-1 in plasma after 20 hours in rats
exposed to particles alone or in combination of ozone. Yu-Chen Lei (2005) has
demonstrated an increase in peripheral blood ET-1 and oxidative stress marker in diabetic
rats after PM exposure. Hirano et al (2003) suggested that the organic fraction of particulate
materials in the urban air has a potency to cause oxidative stress to endothelial cells and may
be implicated in CVDs through functional changes of endothelial cells. Because CVD
represents the number one cause exhibiting hypertensive disorder during older age, the risk
of PM health effects can be enormous in this sector of population (Kodavanti et al, 2002).
The plasma levels of ET-1 and its precursor Big ET-1 did not strictly correlate with the
mRNA levels of prepro ET-1 and ECE-1 indicating that the production of the peptide may
be regulated by the drug at the level of post-transcriptional or even at the post-translational
processing. The drug may be upregulating ETg receptors resulting in binding of ET-1
(clearance) thereby decreasing circulating levels of ET-1 rather than decreasing the

production de novo. Loffler et al (1993) have shown that blockade of ETg receptor increases

circulating level of ET-1 within 15 minutes. Also, the enzymes involved in the conversion of

prepro ET-1 to the mature peptide may operate in an oxidant dependent mechanism. In the
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presence of the antioxidant AEOL 10150, matrix metalloproteases and chymases may be
upregulated and might result in the formation of ET}.3;, 3, peptides resulting in lower levels

of plasma ET5;.

In this study, there was an approximately 150% increase in the plasma ET-1 levels
immediately and 24 hours post exposure to pollutants and the drug completely reversed the
increased levels caused by pollutants. Endothelin elicits a sustained pressor response when
administered intravenously, which suggests its importance in blood pressure maintanence
and generation of vasospasm (Tomoh Masaki, 2005). In the clinical setting, only plasma
concentrations of ET-1 can be measured; these concentrations are affected by the production,
clearance, and breakdown of ET-1. In atherosclerosis, myocardial infarction, pulmonary
hypertension, heart failure, and renal failure, ET-1 levels are elevated in tissue and plasma.
In many cardiovascular diseases, increased plasma ET-1 levels are a marker of ET activation
(Luscher &Barton, 2000). Despite overlapping ranges of plasma ET-1 between healthy and
sick human individuals, a 25% increase in plasma ET-1 has high predictive value for chronic
heart failure (Galatius-Jensen et al, 1994) and a decrease of ET-1 on the order of 20% in
chronic heart failure patients was associated with improvement of symptoms, leading
investigators to postulate a direct role of ET-1 in the pathophysiology (Tsutamoto et al,
1995). A link between free radical generation and vasoactive mediator production has been
identified (Boulanger, 1999). Xia et al (2003) have shown that antioxidant therapy with an
herb extract, Salvia miltiorrhiza decreases plasma endothelin-1 and thromboxane B2 after
cardiopulmonary bypass in patients with congenital heart disease. Lee et al (2004) have
suggested that sesamin which has been proved to be antihypertensive and antioxidative,

induces nitric oxide and decreases ET-1 production. Sedeek et al (2003) have reported that
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the increase in arterial pressure in response to endothelin-1 was completely abolished by the
SODm, Tempol. Elevated circulating levels of ET-1 have been observed in patients with the
acute respiratory distress syndrome (Druml et al, 1993), a condition associated with
increased H,O; production by the lung (Sznajder, 1989). Plasma ET-1 levels in these patients
average five- to eightfold higher than in control subjects. Animal models of acute lung injury
associated with increased oxidant production, such as ischemia-reperfusion (Okada et al,
1995), also have elevated ET-1 levels. Pulmonary ischemia followed by reperfusion
increases circulating ET-1, ET-1 mRNA in pulmonary tissue (Okada et al, 1995) and ET-1
release from the lung (Vemulapalli et al, 1992). Kang (2002) has shown that serum total ET
concentrations were significantly elevated in both myocardial infarct rats and sham-operated
controls in response to PM exposure. Klot et al (2005) have shown that air pollution is
associated with increased risk of hospital cardiac readmissions of myocardial infarction
survivors in 5 European cities. Interestingly, increased plasma endothelin levels predict

mortality one year after acute myocardial infarction (Omland et al 1994).

Several studies support the hypothesis that smoking causes endothelial dysfunction through
elevation of ET-1 and oxidative damage of nitric oxide (Haak et al., 1994) by a large number
of free radicals known to exist in smoke, both in gas and tar phase (Church and Pryor, 1985).
In contrast, antioxidant supplementation in long-term smokers leads to improvement of
endothelial function and supports the suggestion that smoking increases oxidative stress
(Raitakari et al, 2000). Papamichael et al (2004) have demonstrated that red wine’s
antioxidants counteract acute endothelial dysfunction caused by cigarette smoking in healthy

non-smokers. Wine polyphenols have antioxidant properties and favorably influence
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endothelial function, in particular by stimulating nitric oxide mediated vasodilation and

inhibiting the endothelin-1 pathway (Caimi et al, 2004).

4.2.3 Plasma isoprostanes
In this study, plasma isoprostane levels were increased due to ozone (p<0.05) and particles
(NS) at both 2 and 24 hours post exposure. There was no significant effect of the drug. After
24 hours, the drug might have prevented the increase due to air pollutants but the changes
were not statistically significant. It has been shown by others that exposure to ambient PM; s
for 2 hours doubles ROS generation in the hearts and lungs of rats (Gurgueira et al, 2002).
This may occur in response to a variety of transition metals or free radical components
known to exist within PM; 5 as a result of atmospheric chemical reactions (Dellinger et al,
2001). Personal exposure to ambient concentrations of PM,s is also associated with
increased levels of markers of lipid and protein oxidation in human blood (Sorensen et al,
2003). Evidence indicates that systemic oxidative stress does occur in groups at risk from the
adverse effects of PM (Donaldson et al, 2001). Kodavanti et al (2000) have shown that
spontaneously hypertensive rats had higher basal levels of oxidative stress in BAL and upon
challenge with residual oil fly ash, there was a greater injury and an attenuated antioxidant
response. Dietrich et al (2003) have shown that daily antioxidant supplementation
(especially with Vitamin C) decreases F2-isoprostanes in passive smokers. Oxidative
inactivation of NO by superoxide has been proposed as a plausible explanation for
endothelial dysfunction (Harrison, 1997). Oxidation of NO by O; results in the formation of
peroxynitrite, which could initiate lipid peroxidation or play a role in the oxidation of

lipoproteins (White et al, 1994).

69



4.2.4 Plasma 3-nitrotyrosine
In this study, the catalytic antioxidant AEOL 10150 prevented the nitrotyrosine increase
caused by the pollutants, presumably by preventing peroxynitrite formation. Effects of
endothelin-1 are partly counterbalanced by vasodilatory influences of endothelial nitric oxide
(NO; Vanhoutte 2000). Endothelial NO synthase produces NO, which traverses the
extracellular space to induce smooth muscle relaxation in the vessel wall. One ROS that can
be produced in the presence of certain pollutant components is superoxide, which can react
with NO to form the potent oxidant peroxynitrite. Peroxynitrite is likely involved in lipid
peroxidation (O'Donnell and Freeman 2001). Therefore, an additional potential mechanism
whereby pollutant components can increase BP includes superoxide-mediated inhibition of
the actions of NO in inducing vasodilatation. Peroxynitrite has been shown to act as a
nitrating agent leading to the appearance of nitrotyrosine residues in proteins, a marker of
peroxynitrite-mediated tissue injury (Ischiropoulos, 1998). SOD has been reported to inhibit
peroxynitrite production by epithelial cells treated with cigarette smoke (Muller et al, 1997).
Similarly, macrophages from rats pretreated with an SOD mimetic and challenged with

carrageenan were unable to generate peroxynitrite (Salvemini et al, 2001).

4.2.5 Conclusion
The oxidative stress mediated by PM may arise from direct generation of ROS from the
surface of particles, soluble compounds such as transition metals or organic compounds,
altered function of mitochondria, or NADPH-oxidase in endothelial cells and inflammatory
cells capable of generating ROS and RNS (Risom et al, 2005). PM , s inhalation has been
shown to induce systemic inflammation and cytokine production, possibly related to free

radical activity of components in PM (Li et al, 1996). In turn, these have the capacity to
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enhance vascular ET expression by direct mechanisms or via activation of oxidative stress
pathways (Levin, 1995). Ruidavets et al, 2005 have demonstrated that short-term Os;
exposure within a period of 1 to 2 days is related to acute coronary events in middle-aged
adults without heart disease, whereas NO2 and SO2 are not. Ozone mediates a pulmonary

inflammatory response via oxidative stress (Kelly, 2003) and Samet et al (2001) have
reported that dietary antioxidants protect against Os3- induced pulmonary function

decrements in humans. Roberts et al (2003) have shown that pretreatment of rats with
dimethythiourea before intratracheal instillation of residual oil fly ash inhibited ROFA-
induced pulmonary inflammation, cytotoxicity, ERK MAPK activation and cytokine gene
expression, demonstrating that oxidative stress is critical to Iung injury induced by air

pollution particles.

It is possible that the acute systemic inflammation and oxidative stress are responsible for
triggering endothelial dysfunction leading to vasoconstriction (Bonetti, 2003). Alternatively
increased production of endothelins may play a role in the acute vasoconstriction (Vincent et
al, 2001a). In this study, I have shown that there is a dose effect of the drug on the
endothelin system and the drug at a dose of 2 mg/kg body weight injected subcutaneously
prevented the increase in peptide levels in rats caused by pollutants probably by scavenging
peroxynitrite. From my study, it is not clear if AEOL prevents the rise in plasma ET-1 by
abrogating the upregulation of prepro ET-1 in the lungs. However, the results of gene
expression studies in lungs after 24 hours post exposure reveal that overall, AEOL treated
animals had lowered the expression of ET-1 (4EOL main effect, p<0.05). The results

indicate that the SOD mimetic AEOL 10150, at the dose injected subcutaneously in the rats,
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does not affect the circulating endothelin levels in air control animals, but prevents the
pollutant-dependent changes in plasma endothelin levels. This supports the hypothesis that
air pollutants alter the endothelinergic system through an oxidative stress pathway and
implicates the superoxide anion as a key intermediate. It is possible that acute effects of air
pollution may be through endothelial dysfunction, and that ET-1 dependent regulation may
be prevented by dietary antioxidants. For example, it is known that consumption of red wine
reduces circulating ET-1 levels (Corder et al, 2001). Additionally, as enhanced plasma ET-1
levels are reported in several pathological situations, such as heart failure or hypertension,
perhaps pharmacological control of endogenous ET-1 levels by AEOL 10150 could have

therapeutic benefits.
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(Diphtheria, Tetanus and Pertusis) group vaccines, Pasteur Institute of India, Coonoor, India.
09/95 - 10/95 Genetics and tree breeding techniques, Institute of forest genetics and Tree
Breeding, Coimbatore, India.

HONORS AND AFFILIATIONS

Prize for proficiency, Bachelor of Science, Avinashilingam Deemed University, India.
Prize for Poster Presentation held on Poster Day April’2004, Dept of Biochemistry,
Microbiology and Immunology, University of Ottawa, Canada.
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