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ABSTRACT
Jonathan Henry Shannahan: Susceptibility to Libby Amphibole Induced Pulmosaas®
in the Cardiovascular-Compromised Subpopulation
(Under the direction of Dr. Urmila Kodavanti)
Human exposure to asbestos is known to cause the development of mesothelioma, asbestosis
and lung cancer. Asbestos toxicity is thought to be mediated through reactjen epgecies
(ROS) production by surface available iron (Fe). Within the lung asbestosroatex
endogenous Fe possibly increasing toxicity. We hypothesized that asbsested-induc
inflammation and injury would be greater in rat models of human cardiovascular disease
(CVD) with Fe-overload. We characterized the baseline pulmonary disease otesive
Wistar Kyoto, spontaneously hypertensive (SH), and SH heart failure (SKt3F)SH and
SHHF were found to exist with pulmonary inflammation, oxidative stress, and Heauler
(SHHF>SH). Libby amphibole (LA) was used to examine the role of Fe istasb@duced
toxicity. LA complexed Fe in an acellular system, which enhanced ROS pimdutin
vitro andin vivo models the inflammatory response to LA decreased with increased cellular
and fiber-complexed Fe. The chelation of Fe from fibers and cells exazkti¥ainduced
inflammation. To determine the role of increased host Fe in LA-induced inflaomnand
lung pathology WKY, SH, and SHHF were intratracheally-instilled with 08 ,0.25, and
1mg/rat). LA-induced neutrophilic inflammation was not exacerbated althougjistpat
through 1-month in CVD models compared to WKY. SH and SHHF failed to increase
antioxidants but increased Fe-binding proteins after LA exposure. Progrpanonary
fibrosis was noted over 3-months in all strains, whereas the accumulation of bex-ladien
macrophages occurred primarily in SHHF. At 3-months, only SHHF exposed to LA

demonstrated atypical hyperplastic lesions of bronchiolar epithelial o@gne expression



profiling at 3-months indicated baseline differences reflective of pulmon#iaynmation,

and immune dysregulation in CVD models. Changes in genes involved in cell-aytia c
and cancer pathways correlated with atypical hyperplasia in SHHF. Wekided LA can

bind Fe and produce ROS in an acellular system but this process does not exaeerbate th
inflammatory response in cells or animals. Furthermore, in Fe-overloadicoadmore Fe
accumulates at sites of fiber deposition without enhancing the inflammagspgnse. In the
presence of baseline lung pathology, the inability to further induce inflammatiorponses

to LA may predispose those with Fe-overload to proliferative lung pathology.
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CHAPTER 1. INTRODUCTION

Asbestos is a well-known air pollutant associated with a number of pulmonary
abnormalities and diseases including mesothelioma and asbestosis. Asbestts eef
group of naturally occurring fibrous minerals that are divided into different sisised based
on their chemical formulas. The serpentine family includes only chrysoiiehe
amphibole family includes tremolite, crocidolite, actinolite, richeate] winchite.

Chrysaotile has a curly structure and is flexible; whereas the amphibolastaairstraight,

inflexible, rod-like fibers. Prior to the 1970s, mined fibrous asbestos mineralswaslg

used in building materials, brake shoes, electrical wiring, and insulationudgechthe

unique properties of asbestos minerals such as their durability, flexibilityesisthnce to

heat, electrical, and chemical damage, these materials had a varietynoéroogh

applications. However, due to a strong correlation between asbestos exposurehaatiithe

risk of mesothelioma and other pulmonary diseases, its use has diminished in most develope
countries.

Human exposure to asbestos takes place mainly in occupational settings; however,
since it is naturally occurring, some environmental exposure does occur. Libbgndaont
currently an EPA superfund site and has been declared as the first public ineatjarey
by the United States EPA. Because of the extensive history of mining opeadtions
amphibole asbestos-contaminated vermiculite, significant asbestos exposaiehasdce

in Libby. The residents of Libby have shown orders of magnitude higher numbers of



asbestos-related diseases, such as asbestosis, lung cancer, and areadthetimparison to
the rest of the United States (Sullivan 2007). Furthermore epidemiologicatctebaa
demonstrated a dose-dependent correlation between Libby amphibole (LA) expalsure a
cardiovascular disease (CVD) mortality (Larson et al. 2010), as well iasr@ase in the
incidence of systemic autoimmune disease in Libby residents (Pfal2@08). Because the
asbestos-contaminated vermiculite was shipped, processed, and used all auanttlye ¢
primarily for insulation in the attics of homes, exposure to LA is not limitedito,
Montana. The physicochemistry of LA asbestos (Figure 1.1) is unique in thatngpex
mixture of different amphiboles, primarily winchite, and richterite withegramounts of
tremolite (Figure 1.2) (Meeker et al. 2003). It is currently not known how the towidihis
mineral fibrous mix differs from the toxicity of other well-classifiedhastos materials.

Figure 1.1




Figure 1.1. Scanning Electron microscope image of Libby amphibole asbestqgmat 10

resolution. Image from USGS Denver Microbeam Laboratory, G.P. Meeker.

Figure 1.2

1
xEDS
cEPMA |-

Richterite
-+

EDS EPMA
Mean Erior (o)

uﬁhagnlskr
% |, erfvadsonite

:x‘G

Na+K(A)

Magnesio-
riebackite

15 2

Figure 1.2. Specific fiber types found to compose the Libby amphibole fiber maek@v et

al. 2003).

Chemical Formulas of Primary Fiber Components of Libby Amphibole

Winchite: (CaNa)Mg(Al,Fe*")SigO,,(OH),
Richterite: Na(CaNa)(Mg, F&s[SisO22](OH)»

Tremolite: CaMgsSigOo(OH),

In general, asbestos is known to cause pulmonary toxicity upon inhalation which

leads to a variety of diseases. It has been estimated that the cumukatingeadsociated



with asbestos exposure will surpass 200,000 by the year 2030 in the United Stdtels@Ni

et al. 1982). A number of pulmonary diseases have been attributed specificabgsimas
exposure. Mesothelioma, a cancer of the mesothelium, is the most well-knowtnsasbes
associated disease. Mesothelioma usually arises in the pleural surfadeso&iter exposure
to asbestos in humans and decreases the functionality of the lung. The mode of action by
which asbestos causes mesothelioma is currently unknown. The majority of mesathel
cases occur in people who have been exposed occupationally to asbestos. Furthermore,
inhalation of asbestos fibers has been linked to increases in the development of amg tum
which is enhanced upon co-exposure with tobacco smoke (Vaino and Buffetta 1994,
Mossman and Churg 1998). Exposure to asbestos can also cause the development of
asbestosis leading to dyspnea, restrictive outcomes, and ultimately ceggadire.
Asbestosis is a chronic inflammatory condition of the lung resulting in fibaosiss directly
related to the biopersistence of asbestos within the lung.

Asbestos toxicity and eventually the development of asbestos-related sligease
thought to be mediated through the production of reactive oxygen species (ROS). ROS can
cause direct cellular damage through the oxidation of lipids, proteins, and DNA. This
damage can activate many pathways and transcription factors which iagsmavariety of
gene expression changes. Asbestos exposure is known to modify the expression of genes
related to antioxidants, apoptosis, inflammatory cytokines, growth factorstrassl s

response (Kamp and Weitzman 1999) (Figure 1.3).



Figure 1.3

W Inhalation of Asbestos Fibers
. 1
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. 2
Cell Damage Oxidation of DNA, Lipids, Proteins
. B
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. s
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Growth Factors: TGF «and 3 PDGF

Stress Response: HO-1, ferritin, transferrin, heat shock proteins

Figure 1.3. Effects of asbestos and generated reactive species in causing nyuioxarity.

In general, asbestos produces ROS through 1) frustrated phagocytosis, 2) redox
cycling of surface available transition metals, 3) complexation of endogenaous i
Frustrated phagocytosis is directly related to the biopersistence oficsshied the continual
activation of inflammatory cells. Typically, foreign particles are rerddvem the lung via
recognition and phagocytosis by alveolar macrophages. Asbestos fibers dygtasieng
and rigid to be completely engulfed and phagocytozed by alveolar macrophages. Thi

inability of alveolar macrophages to clear fibers allows them more tinhénviite lung to



induce toxicity. Fibers often can penetrate epithelial cells and thetitnienshereby
contributing to the inflammatory cascade as well as causing extracefatax turnover.
The inability to engulf the fiber leads to the further recruitment and activat other
inflammatory cells and causes continual production of ROS through activation of NADP
oxidase. This constant inflammation and production of ROS by inflammatoryeazadis to
damage of cells in the lung through oxidative stress. Besides initiating @mmmétory
response, mediators released from alveolar macrophages also stimuitteapool,
production of growth factors and collagen synthesis by interstitial fibroblasis state of
chronic inflammation eventually leads to thickening of the alveolar walls dfitigeand
filling of the alveolar spaces with scar tissue and fibrous connective tessiiag to fibrosis
or asbestosis.

Asbestos itself is able to produce ROS through the redox cycling of ironngre) a
other transition metals associated with its surface. Asbestos has beensigewarate ROS
in cellular and acellular systems. Researchers have demonstratedrisasing the amount
of Fe available on the surface of the fiber leads to increased oxidative dauaigas DNA
double strand breaks and lipid oxidation. Furthermore chelation of Fe has been shown to
reduce this damaga vitro and to lessem vivo fiber-induced inflammation and DNA
damage (Kamp 1995). Amphiboles typically have been shown to have increased amounts of
Fe on their surfaces compared to chrysotile which may facilitate the pimdo€ROS and
enhance their toxicity. Fe on the surface of fibers is able to continuakyagerROS
through facilitating Fenton chemistry/Haber-Weiss reactions.

Fenton Reaction: Bé+ H,0, > Fe* + HO + HO

Haber-Weiss Reaction:;20r H,O, > Fe> HO + HO +0O,



Reduction of ferric iron to ferrous iron: ¥er O, > F&* + O,

This output of ROS by the fiber producing an environment of oxidative stress withimthe |
that can lead to the progression of asbestos-induced diseases. Additionally,ideperox
produced by inflammatory cells can assist in the production of hydroxyl Isbigariving
Fenton reaction occurring on the surface of the fibers (Figure 1.4). Superoxidetangst at
to remove iron from the surface of the fiber reduces ferric iron to ferrous iros.alldws

for the oxidation of hydrogen peroxide by ferrous iron to highly reactive hydragidals.

Figure 1.4
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Figure 1.4. Mechanism of asbestos-induced free radical production via inflarpoal|

:

activation and cycling of iron associated with the surface of the fiber.

Interestingly, asbestos has demonstrated an ability to bind catajyticalle Fe from
the endogenous labile Fe pool upon deposition into the airways and thereby potethigating
production of ROS (Ghio et al. 2004). At physiological pH there is a dissociation of
hydrogens from Si-OH groups associated with the surface of asbestos leagingegative

charge across the surface of the fiber allowing for ionic binding of cationstoDie



bioavailability of Fe and the high stability constant for Sia@d Fe cations, inhaled asbestos

becomes saturated by exogenous Fe in the lung forming ferriginous bodies (FfurAs

long as one of the coordination sites on this Fe remains available it is stilbakldox cycle
and produce ROS. Through this mechanism the ability of the fiber to produce ROS is
enhanced after inhalation. Due to the ability of asbestos to bind endogenous Fewee belie
that individuals existing in a state of Fe-overload may be increasegsitive to the toxic
effects of asbestos. Diseases and conditions associated with Fe-overlodel ihalassamia
patients or others receiving repeated blood transfusions, diabetics, and individuals wit
cardiovascular disease (CVD).

Figure 1.5
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Figure 1.5. Scanning Electron microscope image of asbestos fiber withifertisdpodies

associated with its surface at a magnification of 2,000.

Cardiovascular disease (CVD) is the number one cause of mortality and morbidity
worldwide (Lopez et al. 2006, Sans et al. 1997). It is estimated that out of 300 million people

in the United States, 80.7 million suffer from one or more forms of CVD. In the United



States, 35% of total deaths are attributable to CVD. Types of CVD include atbsosis,
myocardial ischemia, congestive heart failure, hypertension, cerebutsadisease, stroke,
angina and others. In general, risk factors for the development of CVD includedobac
smoking, high blood pressure, diabetes mellitus, physical inactivity, high choleatet
obesity. Chronic cardiopulmonary diseases are associated with common muitipieisy
alterations, including a dysregulation of Fe homeostasis, inflammatiorgvasaular
thrombosis, and oxidative stress (Blum 2009; Omiya et al. 2009). This dydregulf Fe
homeostasis associated with chronic CVD is known to cause an increase in tiésyste
labile Fe pool (Kruszewski 2004). The labile Fe pool is an intracellular abédgiool
composed of both ferrous and ferric ions associated with a variety of ligands.bil&h&éa
loosely bound to ligands is able to potentially engage in reduction-oxidation, cyutlioky
may be one of the factors increasing systemic oxidative stress innbdegduals (Kakhlon
and Cabantchik 2002). Due to these alterations, this population of individuals may compose
a sub-group that is significantly more susceptible to the negative healtts effecvariety of
pollutants including asbestos.

Epidemiological studies have demonstrated that individuals with chronic diseases
such as chronic obstructive pulmonary disease, diabetes, asthma, and CVD exhasiethcre
mortality and morbidity upon exposure to particulate matter. These findingsihese
both the development and the increased use of animal models to study variations in human
susceptibility to inhaled pollutants. A number of experimentally created aetiagely
predisposed rodent models have been used in the investigation of air pollution health effects
(Nikula and Green 2000; Kodavanti and Costa 2001; Doggrell and Brown 1998). Our

laboratory introduced the use of the genetically predisposed spontaneouslyrspyeieH)



rat for understanding CVD-related susceptibility to air pollution-induced igugcade ago
(Kodavanti et al. 2000). The SH rat as a model for human CVD is now accepted and
extensively used to study air pollution health effects. Specifically, th@QHimics human
hypertension and CVD in its pathogenesis, progression, and failure mechanismgl{Sc
Schonbein et al. 1991; Suzuki et al. 1995; Harjai 1999). Even though the hypertension
displayed by the SH rat is similar to human hypertension, neither the numbeeof ge
polymorphisms nor the mechanism by which hypertension is initiated is curkaothn.

Unlike the SH rat, the spontaneously hypertensive heart failure (SHHRPd® of human
CVD has not been used in air pollution susceptibility studies. The SHHF model was
produced by breeding an obese SH rat with a non-obese SH rat and then inbreeding the
offspring and selecting for the unique trait of congestive heart fallc€(ne et al. 1990).
The SHHF rat is a model of more severe CVD compared to SH because it prefeheart
failure along with diastolic dysfunction in addition to hypertension (Cheng et al..Zl089)
SHHF is known to exhibit hypertension and myocardial hypertrophy at 4 months of age or
earlier. By 9 months of age, the SHHF demonstrates increased left Wantwall thickness
and enhanced markers of inflammation, hypertrophy and stress. Usually byiayapely

18 months of age, they begin to present with dilated heart failure (Emter et al. 20@5; ¢4
al. 2002). Most animal studies typically use the Wistar Kyoto (WKY) rat as the
normotensive reference strain in conjunction with the SH or SHHF due to the WKY being
the genetic background for both models (Okomoto and Akoto 1963). The use of the SH rat
has generally supported epidemiological studies in that the SH rat model has deewbnstr
exacerbated cardiac outcomes, oxidative stress, and pulmonary injury/inflamma

response to a number of air pollutants (Yu et al. 2008; Kodavanti et al. 2002; Kodavanti et al.
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2006; Farraj et al., 2009) compared to WKY rats without CVD. Due to the significant
number of individuals suffering from CVD, air pollution susceptibility in this poputais of
concern to our society. Regulatory agencies often set standards based on the most
susceptible group of individuals. This has driven research to assess a variety aftpdtuta
exacerbated responses in many possible susceptible sub-populations.

LA has been attributed to an increase in mortality and morbidity in exposed
individuals. Specifically, exposure to LA has been connected to incidencesiofraune
disease and increases in CVD mortality. Although the toxicity of asbestbsdérasvell
studied, it is not known how underlying diseases alter host susceptibility sicasbeluced
lung injury. Because the significant proportion of the population suffers from GWp
environmental pollutant-induced risk exacerbation will be significant. Individugisring
from CVD are recognized to have increases in endogenous Fe levels, systiaimmation,
and oxidative stress. Studies have established the ability of Fe to bind tosébess and
possibly potentiate the generation of reactive oxygen species. Due teguiyon of Fe
homeostasis, individuals with CVD may demonstrate enhanced susceptibitigyttxicity
associated with asbestos exposure.

| hypothesize that individuals with CVD are more susceptible to the toxicitp of
exposure due to the ability of their endogenous Fe to bind to the fibers. This bindentpof F
the fibers will enhance their ability to produce ROS leading to increasedl&ungge. Due
to this increased output of ROS, individuals with pre-existing CVD will exhibitresdth

inflammation, oxidative stress, and fibrosis in response to LA-exposure.
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CHAPTER 2. PULMONARY OXIDATIVE STRESS, INFLAMMATION, AND
DYSREGULATED IRON HOMEOSTASIS IN RAT MODELS OF
CARDIOVASCULAR DISEASE

2.1 Introduction

Cardiovascular disease (CVD) is the most prevalent global causes of martdlit
morbidity (Lopez et al. 2006; Sans et al. 1997). Many epidemiological stuchefisretd
that individuals suffering from CVD have increased susceptibility to paateuhatter (PM)
(Morris et al. 1995; Pope et al. 2004; Dominici et al. 2005; Samet and Krewski 2007) and
other air pollutants (Yang et al. 1998; Yang et al. 2004; Zhang et al. 2006). Thesextr
susceptibility may exacerbate the negative respiratory health effeaitspollution
compared to individuals without CVD. These findings have driven both the development and
the increased use of animal models to study human susceptibility to inhalablenpolliuta
(Kodavanti et al. 2002; Ulrich et al. 2002). A number of experimentally created and
genetically predisposed rodent models have been used in the investigation otiaarpoll
health effects (Nikula and Green 2000; Kodavanti and Costa 2001; Doggrell and Brown
1998).

Our lab introduced the use of the genetically predisposed spontaneously hypertensive
(SH) rat for understanding susceptibility to air pollution-induced injury addéeago
(Kodavanti et al. 2000). Specifically the SH mimic human hypertension and C¥D in i
pathogenesis, progression, and failure mechanisms (Schmid-Schonbein et al. 1991; Suzuki et

al. 1995; Harjai 1999). As in the case of human CVD patients, neither the number of gene



polymorphisms nor the mechanism by which hypertension is initiated in the SH is known.
Unlike SH, the spontaneously hypertensive heart failure (SHHF) rat hasemot$ed in air
pollution susceptibility studies. The SHHF model was produced by breeding an obese SH
with a non-obese SH and then inbreeding the offspring selecting for the unigoé trai
congestive heart failure (McCune et al. 1990). The SHHF rat is a more severeohfOdél
compared to SH because it presents with both hypertension and heart failure statcdia
dysfunction (Cheng et al. 2009). The SHHF is known to exhibit hypertension and
myocardial hypertrophy at 4 months of age or earlier. By 9 months of age the SHHF
demonstrates increased left ventricular wall thickness and enhanced nofirkers
inflammation, hypertrophy and stress. Usually by approximately 18 monthe dieg
begin to present with dilated heart failure (Emter et al. 2005; Heyen et al. 200&)esSt
generally use the Wistar Kyoto (WKY) rat as the normotensive refergmain in
conjunction with the SH or SHHF due to the WKY being the genetic background for both
models (Okomoto and Akoto 1963). The use of the SH has generally supported
epidemiological studies in that the SH rat demonstrated increased sensitaiit pollutants,
specifically enhanced effects including pulmonary inflammation, vasculargadility, and
oxidative stress (Yu et al. 2008; Kodavanti et al. 2002; 2006; Farraj et al., 2009) compared to
WKY rats. Although SH showed increased susceptibility to air pollution induced pulmonary
injury, the role of their underlying pulmonary disease state has not been thoroughly
investigated.

Chronic human CVD and pulmonary diseases share multiple risk factors including
systemic inflammation, oxidative stress, and dysregulation of iron (Fe) htzsisd®8lum

2009; Omiya et al. 2009). Dysregulation of Fe homeostasis associated with €WVanis
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known to increase the systemic labile Fe pool (Kruszewski 2004). The labile Fe @ool is
intracellular chelatable pool composed of both ferrous and ferric ions assodihted w
variety of ligands. The Fe within this pool is able to potentially engage in reduction
oxidation cycling (Kakhlon and Cabantchik 2002). Therefore, this biologically a\aitabl
is tightly controlled by an array of regulatory proteins. Increases iabile Fe pool can
support the production of reactive oxygen species (ROS) through Fenton/Haber-Weiss
reactions leading to oxidative stress (Kruszewski 2003). Such oxidant gemenatiiates
inflammatory and fibrotic responses.

The healthy lung is highly sensitive to ROS due to high levels @@ the presence
of atmospheric Fe. Studies demonstrated that the pulmonary toxicity assaditt ambient
PM, tobacco smoke, and asbestos exposure may be associated with to alterations in F
homeostasis (Ghio and Cohen 2005; Ghio et al. 2008a; 2008b). These alterations are likely a
result of an accumulation of catalytically active metal in both cells ana\tbelar lining
fluid. This endogenous Fe exacerbates Fenton reactions and thereby produce® oxidati
damage and inflammation (Ghio et al. 2004).

It was postulated that an altered state of Fe homeostasis existsungb®1 both SH
and SHHF rats producing an increase in the availability of Fe. Furthermoes it
postulated that both strains will have higher pulmonary baseline levels of oxidedsseand
inflammation than WKY. These disease complications may account for alteoeghtsoisity
of SH and SHHF to respirable toxicants relative to WKY. Studies were ukeletia
analyze proteins involved in the uptake, storage, and release of Fe to understand each
model’s regulation of Fe homeostasis along with various markers of baselirenpmym

inflammation and oxidative stress.

14



2.2 Materials and Methods

Animals. Healthy male, 11 to 12 weeks old, WKY, SH and obese SHHF rats were purchased
from Charles River Laboratories, Raleigh, NC; WKY 258 + 1.38g, SH 266 + 2.06g, SHHF
391 + 6.66g, HWKY 271 + 3.3g (Values mean weight = S.E.). All rats were maintained in

an isolated animal room in an Association for Assessment and Accreditatiabaftory

Animal Care (AALAC) approved animal facility at 21 +/- 1°C, 50 +/- 5% relative Hiyi

and 12h light/dark cycle. The rats were allowed to acclimate for 4 weekg doeir blood
pressure and breathing parameters measurements. Rats were housednqugatser

according to strain in polycarbonate cages containing beta chips bedding. Aweirealed
standard (5001) Purina rat chow (Brentwood, MO) and water ad libitum. The protocol for
this study was approved by the Environmental Protection Agency’s (EPA) AGianaland

Use Committee.

Measurements of Blood Pressure, Heart Rate, and Breathing Parameters.

Systolic blood pressure and heart rate measurements were moniterediusirffy ta
plethysmography (IITC, Inc., Life Sciences Instruments, Woodlalig, IDIA.).
Unanesthetized rats were restrained in plastic holding tubes and aatlforeiemin prior to
measurement of blood pressure in a temperature controlled chamb@)).(3the monitoring
system uses an automatic scanner, pump, sensing cuff and amplifier to detieemine
animal’s heart rate and compute blood pressure. Three measurements af lspstdli
pressure were taken without interfering movements from each rat, andweeaged by the
software. These measurements were performed three times per weegeatdd over a

three week period.
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Barometric plethysmography using a whole body plethysmograph s{Btexco
Electronics, Inc., Sharon, CT) was used to acquire data on breathing pardonetiérs
animals (Wichers et al. 2004; Kodavanti et al. 2005). This instrument provided continuous
monitoring of many breathing parameters including breathing frequencyd@)ydlume
(TV), minute ventilation (MV), peak expiratory flow (PEF), peak inspirattowf(PIF),

inspiratory time (TI), expiratory time (TE), pause (Pau), and enhanced [faard® .(

Necropsy, Sample Collection, and Analysis. Rats were weighed and anesthetized at 14 to 15
weeks of age; WKY 289 + 3.47g, SH 292 + 2.89g, SHHF 525 * 6.28g, HWKY 295 * 6.84¢
(Values mean weight + S.E.). with an overdose of Euthasol (Virbac AH, Inc., Fatth,Wor
TX)(50-100 mg/kg, ip), and exsanguinated via the abdominal aorta. Blood was then
removed from the vasculature of the lung by perfusion 6f//lg* free phosphate buffered
saline (PBS) via the pulmonary artery. Upon weighing the hearts, it was notecdf 4atgK
presented with non-pathologic cardiac hypertrophy (heart weights >JABgther WKY
rats demonstrated heart weights of approximately 1g and were consmesast wvithout
cardiac hypertrophy. Spontaneously occurring non-pathogenic cardiac hypewtitpthe
absence of hypertension was previously reported in these rats (Kuribh9@ghlLeenen and
Yuan 1998). It was presumed that this underlying hypertrophy may obscure evabiati
normal baseline values in the control group with which SH and SHHF data are cdmpare
Therefore, these rats were removed from our WKY normotensive control group and used t
create another group of hypertrophic Wistar Kyotos (HWKY).

Left ventricular tissues were frozen in liquid nitrogen and stored atG86r

ascorbate and glutathione (GSH) level analysis. The trachea was theratahaol the left
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lung lobes were tied off. The right lung lobes were lavaged with\@g?* free phosphate
buffered saline (pH 7.4, at 37°C) equal to 35 ml/kg body weight (representing total lung
capacity) x 0.6 ( right lung capacity being 60% of total lung capacity). Thedbeg vere
lavaged three times with the same PBS aliquot. This bronchoalveolar lavag8Auig) (
was collected in tubes and kept on ice for additional analysis. The left lung lefzethen
removed, placed in liquid nitrogen, and stored at -80°C for real time reverseifi@asser

polymerase reaction (RT-PCR) analysis.

Cell Differential and BALF Analysis. Aliquots of BALF were taken for total cell counts
(Coulter Inc., Miami, FL, USA), differential cell determination, and prosaialysis.
Differential cell determination was conducted by cytospin preparation (Shanttebuigh,
PA), and slides were stained with LeukoStat (Fisher Scientific Co., RgtsRA).
Macrophages and neutrophils were counted under light microscopy and quantified based on
total cell count. The remaining BALF was centrifuged at 1500g, and the supésnaése
evaluated for the following: protein content (Coomassie plus Protein Assdiéite,
Rockford, IL), albumin (DiaSorin, Stillwater, MN), lactate dehydrogen@d.DH) activity
levels (Thermo Trace Ltd., Melbourne Australia), N-acetyl glucosansai{]dAG) activity
(Roche Diagnostics, Indianapolis IN}glutamyl transferase (GGT) activity (Thermo Trace
Ltd., Melbourne Australia), and the Fe-binding proteins, ferritin (Kamiya Baoal
Company, Seattle, Wa) and transferrin (Trf) (DiaSorin, Stillwater).MNotal Fe-binding
capacity (TIBC) was calculated by adding the unsaturated Fe-bindingtgahdBC)

(UIBC Assay, Genzyme Diagnostics, Charlottetown, Prince Edward Islamédd@) and the

non-HEME Fe (Serum Fe-SL Assay, Genzyme Diagnostics, Charlottetowoe Baward

17



Island, Canada). All assays were run using commercial kits with only sigtifications
for use on the Konelab Arena 30 clinical analyzer (Thermo Chemical Lab Sy&epoo
Finland).

One aliquot of BALF was mixed with an equal volume of 6% perchloric acid and
vortexed. After standing on ice for 10 min., it was centrifuged (14,000 g) for 10 rh@) (4
and supernatants were stored af 80 Ascorbate was measured in the perchloric acid
treated supernatants by high performance liquid chromatography (HPLC) (Gniigdk
column, Millipore Waters Chromatography, Milford, MA) using amperometric
electrochemical detection (Bioanalytical Systems, W. Layfayi)e Total GSH levels
were measured using 5,59-dithiobis(2-nitro-benzoic) acid-glutathione dsuéfductase

recycling assay via the Konelab clinical analyzer (Anderson 1985).

Lung and Heart Tissue Analysis. Ascorbate and GSH levels were measured in the apical
lung lobes, and, heart (left ventricle). Individual samples were homogenized in 3%
perchloric acid and then centrifuged (14000 g) for 10 nfirlC{4 The supernatant was then
separated into two tubes, one for GSH analysis via the Konelab clinical anatgrzdrea
other ascorbate by using HPLC as indicated before.

Frozen tissue was homogenized in Tris-HCI buffer (pH 7.4) with protease inhibitors
present. The individual samples were then centrifuged (14000 g) for 20h &Ad the
supernatant stored at “-80. The supernatant was used to determine total protein content,
ferritin, transferrin (Trf), total Fe binding capacity (TIBC), and unszted Fe-binding
capacity (UIBC) using the commercially available kits and the Konelalzalianalyzer as

stated above.
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RNA Isolation. Total RNA was isolated from caudal lung lobes frozen in liquid nitrogen.
The frozen tissue was homogenized in TriReagent (Sigma, St. Louis, MO), and &NA w
isolated by RNeasy mini kit by manufacturer’s instructions (Qiagen, ¥ialeGA). RNA

was then dissolved in 50ul of RNase free water with RNase inhibitor present. Theyquantit
of RNA was assessed using a spectrophotometer, Nanodrop 1000 (Thermo Scientific,

Wilmington, DE).

Real-Time Quantitative PCR. One-step RT-PCR was carried out using Platinum Quantitative
RT-PCR ThermoScript One-Step System (Invitrogen, Carlsbad, CA) follotwng t
manufacturer’s instructions. PCR was performedfactin (Control), macrophage
inflammatory protein (MIP-2), tumor necrosis facto(T NF-o), interleukin-Ir (IL-1a),
interleukin-P (IL-18), heme-oxygenase-1 (HO-1), transferrin receptor-1 (TFR-1), traimsferr
receptor-2 (TFR-2), transferrin (Trf), ferritin heavy chain, feriight chain, and the

divalent metal transporter-1 (DMT-1). Primers for these mRNA were psgdHaom

Applied Biosystems, Inc. (Foster City, CA). Reactions were run using 100 atabRNA.
RT-PCR was conducted on an ABI Prism 7900 HT Sequence Detection System (Applied
Biosystems, Foster City, CA). RT-PCR conditions consisted of 20 min of reverse
transcription at 53°C and inactivation of reverse transcriptase acovi/rhin at 95°C.

This was followed by 40 amplification cycles at 95°C for 15 sec followed by 60°C for 45
sec. Relative fold mRNA expression was calculated for SH and SHHF raidezorgsthe

normal WKY values as control.
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Satistical Analysis. Data are expressed as mea®.E. (WKY, n=8; SH, n=12; SHHF, n =
11; HWKY, n = 4). Values for SH and SHHF were compared with non-hypertrophied WKY
rats. Sigma Stat version 3.5 (Systat Software, Inc., Point Richmond, C.A.) ecoialiy
available software, was used to determine statistical comparisons vianapma@alysis of
variance followed by a post-hoc comparison using the Holm-Sidak method. &thtisti
significance was determined when p was found to be less than or equal to 0.05 between

WKY and SH or SHHF rats.
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2.3 Results

2.3.1 Cardiophysiology and breathing parameters

Both the SH and SHHF rat models exhibited increases in heart rate and blood
pressure compared to WKY (Figure 2.1) consistent with presence of underlying CV
HWKY had significantly increased heart weights compared to the normal WB{xce
HWKY rats are not obese, their heart weights normalized for body weights showed an
increase compared to WKY demonstrating their hypertrophic cardiac condhitgume 2.1).
However, because age-matched obese SHHF rats had increased body weight due to high
amounts of body fat, despite their hearts being larger than non-hypertrophied8&Y
hearts, heart to body weight ratio failed to indicate their hypertrophic camdiigure 2.1).
HWKY with hypertrophied hearts did not present with altered blood pressure when
compared to non-hypertrophied rats, but did have elevated heart rates. Variations in
breathing parameters were observed between the groups (Figure 2.2). Most ndfavhs M
significantly greater in both models of CVD which collaborated with elevatiédhand slight
increases in TV. HWKY, however, demonstrated significant differences irfirtd control
WKY (Figure 2.2). Tl and TE were also significantly shorter in both SH and SEtdF r

relative to WKY.

2.3.2 Pulmonary inflammation, vascular leakage, and injury

SHHF demonstrated significant increases in total protein in BALF when cedhfmar
WKY (Figure 2.3). The concentration of total protein in BALF of SH rats wgisdnithan
BALF protein in WKY rats which is consistent with our previous studies (Kodavariti et a

2000; 2001). Interestingly, a significant increase was observed in totahgrotee
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HWKY's compared to healthy WKY. Albumin levels agreed with this rise in totaliprote
NAG activity, a marker of macrophage activation, was significandyated in SHHF
compared to WKY and SH (Figure 2.3). Baseline levels of LDH activitief\icFBrere
also significantly higher in the SHHF than the other strains.

There were no markedly significant differences between the total cedbEnpiia the
CVD models and the healthy WKY, but HWKY demonstrated an increased number of total
cells (Figure 2.4). This divergence in total cells between the WKY and HWKYecan b
accounted for by higher numbers of alveolar macrophages present in the HWKYeasaber
no difference in neutrophils compared to WKY; however, both the SH and SHHF had

increased numbers of neutrophils in their BALF (Figure 2.4).

2.3.3 Antioxidants in BALF, lung, and heart

Analysis of glutathione in the BALF was attempted, but our assay was notwaensiti
enough to accurately detect such low amounts. Glutathione concentrations in the lung
homogenates were similar between SH and WKY, while GSH in the SHHFasats w
significantly reduced (Figure 2.5). BALF ascorbate was higher per golame of BALF
in SHHF than WKY, perhaps due to markedly increased proteins in BALF (Figure 2.5), but
ascorbate was significantly lower in the lungs of the SHHF when compared td<tfieid
SH. No significant differences in antioxidant levels (GSH, and ascorbate olvserved
between the HWKY and the WKY groups. Although the levels of GSH in the hearts did not
differ between the 4 groups of rats, the levels of ascorbate was significaytéy in SHHF

relative to WKY, SH, or HWKY.
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2.3.4 Fe-binding proteins and capacities in BALF

A number of Fe-regulatory proteins and Fe-binding capacities were adafythe
BALF to evaluate the potential homeostatic mechanisms within the alveotay #ind lung
tissue which may be altered as a result of CVD (Figure 2.6). Ferritin, anghtdar Fe
storage protein, was significantly increased in BALF of both SHHF and HWKY aechpa
WKY. Trf, an extracellular Fe transporter, was found to be significantly higitbe BALF
of SH and SHHF compared to WKY. HWKY seemed to display a quantitative decrease
Trf in their BALF compared to WKY. BALF from SH demonstrated no significaahges
in UIBC and TIBC when compared to WKY, which complements with increased amounts of
Trf present in the BALF. SHHF demonstrated significant decreases in UIBABRGAMT
the BALF compared to SH even though they had significantly higher amounts tirfi fend
Trf (Figure 2.6). The SHHF exhibited no marked differences when compared YoiWwK
TIBC in BALF. This could be due to the fact that the Fe regulatory proteins in the BALF
the SHHF are already saturated with Fe, thus accounting for the decréBSedut similar
TIBC when compared to the WKY. No markedly significant differences occuetaeebn

WKY and HWKY in respect to Fe-binding capacities.

2.3.5 Fe-binding proteins and capacities in Lung Tissue

Lung levels of Trf and ferritin proteins were analyzed to evaluate trgitatgon of
Fe in the lung and potentially determine the source of these proteins in BALF. sung ti
levels of ferritin were decreased in SHHF compared to WKY, while leveld efére
markedly increased (Figure 2.7). Trf levels were also quantitativelgased in SH
compared to WKY. However, the UIBC was below the detection limit in SHHF, furthe

supporting the hypothesis that the available Fe-binding proteins within the lungs 6f SHH

23



were already occupied with non-Heme Fe. Fe-binding proteins and Fe-bindinigies ot

not differ markedly between HWKY and WKY (Figure 2.7).

2.3.6 Expression of mMRNA markers of inflammation, oxidative stress, and Fe

homeostasis

Baseline differences in mRNA markers of inflammation, oxidative staeskie
homeostasis were analyzed determine pathological complications of thatmrgmystem
secondary to CVD and Fe homeostasis dysregulation. SH showed no significans change
macrophage inflammatory protein-2 (MIP-2) and tumor necrosis fadiNF-o) compared
to WKY (Figure 2.8) which corroborated with increased presence of neutrapBifsLiF
(Figure 2.4). SHHF showed even greater increases in both MIP-2 and fiditive to
WKY (Figure 2.8). The lung mRNA expression of lk;land IL-13 in SHHF rats was not
statistically different from WKY or SH. HO-1, an inducible marker of oxidastress, was
found at significantly higher levels in the lungs of SHHF compared to WKY and SHIsLeve
of Trf mMRNA were markedly higher in SH than in the WKY and SHHF, but SHHF had lower
MRNA for both transferrin receptor 1 (TRF-1) and 2 (TRF-2). The SHHF molitd
no marked differences in mMRNA expression in both ferritin light and heavy cliiNAM
when compared to WKY. The HWKY did not demonstrate any significant variations from

control WKY in the expression of mRNA for any of the markers.
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Figure 2.1
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Figure 2.1. Body weight, heart weight, heart weight normalized to body weigHinbase

blood pressure, and heart rate in 14-15 week-old healthy male WKY and cardiovascular

compromised SH, SHHF and HWKY rats. Cardiovascular function was assedsearby

rate and blood pressure measurements using tail cuff technique. Valuesiare $1E.

(WKY (n =8); HWKY (n = 4); SH (n = 12); SHHF (n = 11)). * Indicates significant

difference from WKY (control) (p<0.05), # Indicates significant differelnesveen SH and

SHHF (p<0.05).



Figure 2.2
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Figure 2.2.Strain-related differences in breathing parameters among male WA/ XY
SH and SHHF rats. Breathing parameters were assessed by whole bogymgtphy
using Buxco System. Pulmonary function illustrated by minute volume a cattulztene
(Tidal volume x Frequency). Values are mean = S.E. (WKY (n =8); HWKY (n = 4\nSH
12); SHHF (n = 11)). * Indicates significant difference from WKY (control))(08), #

Indicates significant difference between SH and SHHF (p<0.05).
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Figure 2.3
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Figure 2.3. BALF concentrations levels of protein, aloumin, and LDH, NAG and GGT

activities in WKY, HWKY, SH and SHHF rats. Values are mean = S.E. (WKY (n =8);

HWKY (n =4); SH (n = 12); SHHF (n = 11)). * Indicates significant differenoenf’WKY

(control) (p<0.05), # Indicates significant difference between SH and SHHF (p<0.05
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Figure 2.4
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Figure 2.4. Inflammatory cells (macrophages and neutrophils) in BAL#t ofiodels of
CVD. Values are mean = S.E. (WKY (n =8); HWKY (n =4); SH (n = 12); SHHF (n = 11)).
* Indicates significant difference from WKY (control) (p<0.05), # Indicatgaificant

difference between SH and SHHF (p<0.05).
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Figure 2.5
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Figure 2.6. Markers of Fe homeostasis in the BALF of rat models of CVD. Unedttiex
binding capacity (UIBC) is a measurement of the capacity of the tissysoocemts to bind
non-heme free Fe. TIBC (total Fe-binding capacity), a calculated valBE (Wnon-HEME
Fe), is a measurement of all the Fe currently bound within the BALF and tlap&ae of
binding. Values are mean + S.E. (WKY (n =8); HWKY (n =4); SH (n = 12); SHHF (n =
11)). * Indicates significant difference from WKY (control) (p<0.05), # Indieaignificant

difference between SH and SHHF (p<0.05).
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Figure 2.6
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Figure 2.6. Markers of Fe homeostasis in homogenates of lung tissue from rkt ohode
CVD. Unsaturated Fe-binding capacity (UIBC) is a measurement oaplaeity of the

tissue components to bind non-heme free Fe. TIBC (total Fe-binding capacéigulated
value (UIBC + non-HEME Fe), is a measurement of all the Fe currently bound tiéhi

lung tissue homogenate and the Fe capable of binding. Values are mean + S.E. (WKY (n
=8); HWKY (n =4); SH (n = 12); SHHF (n = 11)). * Indicates significant défere from

WKY (control) (p<0.05), # Indicates significant difference between SH artdFSH<0.05).
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Figure 2.7
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Figure 2.7. Baseline lung, cardiac and BALF glutathione and ascrobate in VWKYH
SH and SHHF rats. Values are mean £+ S.E. (WKY (n =8); HWKY (n =4); SH (n = 12);
SHHF (n = 11)). * Indicates significant difference from WKY (control) (p<0.&3ndicates

significant difference between SH and SHHF (p<0.05).
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Figure 2.8
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Figure 2.8. Relative mRNA levels for markers of inflammation. Fe homesstasi

oxidative stress in the lungs of WKY, HWKY, SH and SHHF rats. Real-timeseve
transcriptase PCR was used for analysis. MIP-2 (Macrophage InflamgrRatdein-2), Tnf-

a (Tumor Necrosis Factat}, IL-1a (Interleukin-Lu), IL-1p (Interleukin-B), HO-1 (Heme
Oxygenase-1), DMT1 (Divalent Metal Transporter 1), Trf (Transferrin),-TKRransferrin
Receptor-1), TFR-2 (Transferrin Receptor-2), Ferritin Light Chain, andtiRdHeavy

Chain. Values are mean + S.E. (WKY (n =8); HWKY (n = 4); SH (n = 12); SHHF (n = 11)).
* Indicates significant difference from WKY (control) (p<0.05), # Indicatgaificant

difference between SH and SHHF (p<0.05).
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2.4 Discussion

Rodent models of human CVD are increasingly being utilized to understand variations i
human susceptibility to air pollution exposures (Kodavanti et al. 2005; Kodavanti and Costa
2001). The use of CVD models in these studies requires comprehensive characterfizat
baseline pulmonary pathobiology in order to elucidate the mechanisms of susteptibil
variations. In the current study, it was postulated that two animal models of hurbarnheV
SH and SHHF rat, would have underlying pulmonary dysregulation of Fe homeostasis,
elevated levels of oxidative stress and inflammation compared to healthy \@Kivdata
supports this hypothesis in that both rat models displayed pulmonary abnormalities
secondary to their CVD that are characterized by a baseline pulmonaegwgsion of Fe
homeostasis that may influence their susceptibility to air pollution-indugedes.
Furthermore, the pulmonary tissues of the SH and more so of the SHHF existtenat st
increased inflammation and oxidative stress compared to the WKY. Previous shaliesl
that SH are more susceptible than WKY to lung injury and airway inflammation ohdhyce
PM, tobacco smoke and sulfur dioxide (Yu et al. 2008; Kodavanti et al. 2002; 2006). Our
study points to possible contributions of these underlying host abnormalities in their
susceptibility to pulmonary injury from air pollutants. Our study also provides eedeat
the SHHF rats exists with a dysregulation of Fe homeostasis and dirdiaisth@xidant
compensation, which may further enhance their susceptibility to injury firgooléution
compared to both the WKY and SH rat strains.

A number of host physiological factors either regulated at gene tratiserievel or
post transcriptionally, influence susceptibility to subsequent environmental exposure

Although the etiology and genetic factors which play a role in CVD predigpositthese
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models may not exactly mimic human disease, both the SH and SHHF exhibit uniue CV
pathobiologies that have been considered relevant to human conditions and responsive to
broad based therapies. The pulmonary complications, secondary to CVD in SH and SHHF
models were also observed at physiological and biochemical levels in our Btdy

example, the SH and SHHF rats demonstrated alterations in breathing p&itpires Z.2),

which is consistent with alterations of pulmonary function in humans after sxénciuced
increases in blood pressure (Fomina et al. 2007).

Numerous studies showed the SH to display systemic oxidative stress and
inflammation that mirrors what is seen in the human condition (Turi et al. 2003; Gémez-
Amores et al. 2007; Lassegue and Griendling 2004). No studies have investigatedsin detai
the pulmonary disease secondary to CVD. (Our study provides evidence thattthbagaa
oxidative stress and inflammation within their lungs as evidenced by indrieast¢s of HO-

1 (Figure 2.8) and decreased antioxidants (Figure 2.5) secondary to their systemi
hypertension. Weakening of the antioxidant response due to a chronic disease suoh as CV
may cause one to be increasingly susceptible to inhalable pollutant expospedléBrand
Lotti 2007). The enhanced inflammation in the lung and the reduced levels of antioxidants
are consistent with reported increases in mediators of inflammation and cazboteyit in
various tissues in SH (Sun et al. 2006).

SH rats have shown to be more susceptible than WKY rats to increased inflammation
and cardiac abnormalities following exposure to a high concentration of inhalied|psst
matter, tobacco smoke and sulfur dioxide, however, no air pollution studies have been done
using SHHF rats (Kodavanti et al., 2002; 2006; Yu et al., 2008). Because of much greater

pulmonary disease and compromised compensatory response in SHHF relative te SH, i
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likely that they might not be able to produce as greater an inflammatory respafigerao
inhaled pollutants, however, they might have more sustained toxicity and oxidegs& st
Severe forms of cardiac disease might allow one to look at the failed congpgnsa
mechanisms that are responsible for increased cardiopulmonary morktelity) &
epidemiological studies of air pollution.

Rats with experimentally induced heart failure were shown to have increased
oxidative stress and the expression of HO-1 in the lung (Lam et al. 2005). In our study, the
genetically predisposed SHHF rat model demonstrated alterations in Fe tasiseos
characterized by lower levels of ferritin (Figure 2.7), and decreasedé&@dpicapacity
within the alveolar lining (Figure 2.6) and the lung tissue (Figure 2.7). These deitsie
were corroborated with decreased lung mRNA expression for ferritin irFSbiH not SH
(Figure 2.8). SHHF, despite having lower lung tissue levels than WKY, had intrease
ferritin in their BALF. The cause for this difference is unknown but becausdating
ferritin levels are generally lower than tissue levels in rats (@thet al., 2008), vascular
leackage might not fully account for increase seen in SHHF rats. Itlisthiet increased
pulmonary cell injury in SHHF might also contribute to increased BALF fierrit
Additionally, decreased clearance of iron-bound ferritin from the airwaysed@tHHF,
might also account for an increase in BALF ferritin. Overall, the actual msohs by
which Fe metabolism is altered in the lung are not clear, but may involve insrease
pulmonary capillary pressure due to existent diastolic dysfunction (Gtextg2009), sheer
stress-induced hemolysis, and altered microvascular thrombotic mechanisnss.odr data
supports the presence of oxidative stress and dysregulated Fe homeostdkiE ma8ing

both hypertension and heart failure.
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There were strain differences in the expression pattern in the markers of Fe
homeostasis dysregulation and pulmonary pathology between SH and SHHF rats, the SH
general, showed milder complications. The Fe-binding capacity in SH was Ipataftulrated
suggesting that the SH may still be able to accommodate exogenous Fé& frolutants
(Figure 2.7). The SH lung was also capable of inducing much greater Trfsaprémn
SHHF rats, suggesting that the lung of SH might not be as severely cosguamnsithat of
SHHF rats (Figure 2.8). The SH might possess greater compensatowe rétowever, the
SHHF lung based on their more severely dysregulated iron binding capacitycasasee
lung ferrrtin might be more vulnerable to oxidative damage and injury folloviinmplution
exposure.

Previous studies have demonstrated the ability of Fe to complex with inhalable PM
and fibers (Ghio et al. 2004; Weinrach et al. 2005). The availability of Fe to bind to inhaled
particulates or fibers may promote Fenton-like reactions within the redeisingpnment of
the alveolar lining. Based on the baseline pulmonary dysregulation of Fe homsaosts
and SHHF rats, it was postulated that these host factors may play rolesingctbair
susceptibility to air pollutants. Reactive species generated from the at@mhanism then go
on to damage DNA or oxidize proteins and lipids within the lung. Our data demonstrate a
modification of Fe homeostasis in both strains that is consistent with the dgsiagof Fe
seen in human CVD (Tuomainen et al. 1998; Salonen et al. 1992).

The elevated levels of oxidative stress and inflammation in this study ase likel
influenced by decreases in pulmonary antioxidants in SHHF and SH relative to WKY.
difficult to ascertain from this study if lower level of antioxidants in tivgk are due to their

increased utilization in combating existent oxidative stress or reduced poodudbwever,
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diminished antioxidants likely contribute to a rise in oxidative stress, wigoHeads to
increases in inflammation. Both the SH and the SHHF showed deficiencies in lusgfeve
ascorbate and glutathione (Figure 2.5) that is in agreement with the systéoxant
deficiencies in CVD patients (Videan et al. 2009; Shih and Lusis 2009).

Upon necropsy during our study a subset was found within the WKY control group
suffered from cardiac hypertrophy in absence of increase in blood pressure gigurOur
data demonstrate that these rats, due to their hypertrophy, displayededoraacular
leakage in their lungs compared to non-hypertrophic WKY (Figure 2.3). Toeiatssl
increases in neutrophils and ferritin in the BALF (Figure 2.4), but lack of rigeritirf in
the lung of the HWKY compared to the WKY (Figure 2.7), may relate to its vasmigan
from enhanced leakage. The vascular leakage in the HWKY was not as seeereiadise
SHHF. It was noted during necropsy that the hypertrophic hearts in most HW&KWes
due to enlarged right but not left ventricles. This might explain the lack of aagem
systemic blood pressure in HWKY but likely increased pressure in the pulmopélgris
resulting in pulmonary vascular leakage. The spontaneous cardiac hypertropbsirathi
was noted by other investigators (Kuribayashi 1987; Leenen and Yuan 1998) but the
mechanisms are unknown. Separation of HWKY from normal WKY allowed us to precisely
compare WKY, SH and SHHF. This separation also allowed us to understand the role of
non-pathogenic cardiac hypertrophy in secondary pulmonary complications. Thiwas
leakage produced by the cardiac hypertrophy may influence the suscgpiftiits model
and cause the HWKY to be an inadequate control for these studies.

In conclusion, our study provides the characterization of the underlying baseline

pulmonary disease of two rat models of human CVD. Data showed increased oxidative

37



stress, inflammation, and dysregulation of Fe homeostasis in two rat models of 0D

degree of alterations in the SH model represent effects observed in hgpertammans with

mild cardiovascular complications, and the SHHF represents a more comprorséesesdi
population with susceptibility to heart failure. Results demonstrated that Ski¢ikave

severely compromised antioxidant compensatory response and diminished Fe-binding
capacities in the lung that is associated with oxidative stress and pulmoranavbsakage

at baseline. Overall, this study provides the characterization of pulmoneagelisecondary

to CVD in SH and SHHF, and lays the foundation for their use in understanding variations in

air pollution health effects.
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CHAPTER 3. THE ROLE OF IRON IN LIBBY AMPHIBOLE-INDUCED ACUTE
LUNG INJURY AND INFLAMMATION

3.1 Introduction

Asbestos has been studied for decades for its ability to induce diseases such as
asbestosis, mesothelioma, and lung cancer in humans after inhalation exposanegiMbs
al., 1990). Although the mining and the use of asbestos contaminated materials have been
banned in most developed countries, the health issues continue to emerge because of the long
latency of the disease and perhaps persistent environmental exposures. Mimgetgvim tof
Libby, Montana exposed to fibers during the mining of Libby amphibole (LA)-contted
vermiculite exhibit increased incidences of asbestos-related digPaganset al., 2003,
Sullivan, 2007). Environmental exposure levels in the vicinity of the mine were also
elevated during mining operations possibly contributing to non-occupational expasdres
asbestos-related diseases in non-mine workers (Mueiaby 2005, Whitehouset al.,
2008, Vinikooret al., 2010). LA contains a mixture of winchite, richterite, tremolite and
other minerals of prismatic, acicular, and asbestiform morphologiek@vigeal., 2003).

The biological effects of asbestos are associated with the productioctofeea
oxygen species (ROS) and corresponding cellular injury by the oxidatigmdsf, [proteins,
and DNA after exposure (Sanchatal., 2009). This cellular damage alters host
antioxidants, and induces apoptosis, inflammatory cytokine release, grotethgiace

expression, and a stress response (Kamp and Weitzman, 1999). Cellular damage caused by



inhalation of asbestos can lead to the development of asbestos-related disegdeboldm
asbestos fibers are known to be extremely biopersistent within the lung causimg chr
oxidative stress and persistent active inflammation (McDonald, 1998, Deisikert2008,
Chenget al., 1999). The persistent inflammation leads to increased pulmonary damage and
contributes to the development of chronic pulmonary diseases. Rigid fiber physicgiche

and biopersistence are thought to be necessary for the progression of asbhéstbshrelaic
diseases.

Iron (Fe) is a ubiquitous component of inhalable particulates and fibrous materials
therefore its influence on the inflammation induced by these materials hmaa togec of
interest. Surface complexed Fe has the ability to produce ROS by providing aitediox s
Fenton reactions to occur on the surface of asbestos fiberse@hic2008). Furthermore,
increases in the amount of Fe associated with the surface of asbestdasaviedoeen shown
invivo due to complexation of endogenous Fe (Ghial., 2004, Gibbst al., 1994). Fe also
has the ability to complex the fibarsvitro in an acellular system (Shenal., 2000). This
fiber-associated Fe has been postulated to redox cycle enhancing therR@Sg@eand
possibly contributing to toxicity and asbestos-related diseases (G@ratna 999, Ghicet
al., 2006). Gazzano et al. (2007) demonstrated that chrysotile asbestos loaded with Fe
stimulates DNA strand breaks and lipoperoxidation while impairing redox mistahaind
damages cell integrity vitro, while Fe itself has no effect on these parameters. Chelation of
Fe from the surface of amosite has been shown to reduce DNA strandibnetics
(Gilmouret al., 1997, Kampet al., 1995a). Chelation of endogenousirgivo has also been
shown to reduce pulmonary inflammation and fibrosis after asbestos exposumeetiah.,

1995D).
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Because the binding of endogenous Fe to asbestos fibers can increase ROS
production and its toxicity, individuals with Fe-overload might be increasswgigitive to
asbestos-induced injury. Systemically disrupted Fe homeostasis and Feebliaddmeen
noted in individuals with underlying cardiovascular disease due to increasedaleyraf
heme as a result of disruption of red blood cells under sheer stress (Blum, 20@8wskiis
2004). In rodent models of cardiovascular disease, such as spontaneously hypegensive (
and SH heart failure (SHHF) rats, we have recently shown that Fe bindieqprate
increased and binding capacities have been altered in the lungs in comparisonyo health
Wistar Kyoto rats (Shannahahal., 2010). We have further shown that LA-induced
inflammation is more persistent in SH and SHHF rats which is associated veitbtqret
increases in Fe binding proteins (Shannatah., 2011a).

We hypothesized that, as with other fibers, Libby amphibole (LA) will bind Fe, and
increase the inflammogenic activity of fibemsvitro and the acute lung injury and
inflammationin vivo. In order to address this hypothesis, we examined the ability of LA to
bind exogenous Fe in an acellular system and evaluated Fe-related akaratice
production of ROS. Furthermore, we studied the role of Fe in the acute inflammogenic
responsen vitro, using human bronchiolar epithelial cells, andivo, using SH rats by

modulating fiber-associated Fe concentrations.
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3.2 Materials and Methods

Libby Amphibole. The Libby amphibole (LA) sample was collected from the Rainy Creek
Complex near Libby, Montana in 2007 by the United States Geological Survekdhe

al., 2003). The sample was size fractionated by water elutriation as descaebed gy
(Webberet al., 2008) in order to isolate a rat respirable fraction {EMsing a settling

velocity of 3.4 x 10 cm s'. Transmission Electron microscopy showed 97.8% (135/138) of
elutriated fibers with aspect raties, consistent with the composition of fibers obtained
from the PM s elutriated fraction of the 2000 collection (Meekeal., 2003, Webbeet al .,

2008, Lowers and Bern, 2009). Fiber dimensions, as determined using transmission
microscopy of the elutriated LA 2007 sample were: mean lengtiu#.934.53 and width
0.28um * 0.19; median length = 3.pM, width = 0.23m with upper and lower values of
length being 0.52m — 27.3@m and width 0.0dm — 1.1um (Shannahast al., 2011a). The
estimated fiber count for 1 mg LA sample was 218% 10 comparison to the elutriated LA
2007 sample used in the present study air samples from Libby Montana have been shown to
contain fibers having a mean length of 184+ 8.40 and width 0.5idm £ 0.46, and median
length 5.2um and width 0.3@m with upper and lower values of length beingudns-

195um and width 0.0am — 1Qum; with an aspect ratio ef 5 (U.S. EPA 2010). The median
fiber length being smaller than the mean length suggests that theteera liarger

proportion of fibers that are smaller than the mean length.

LA Transition Metal Content. We measured the concentrations of both the water and 1M

HCI leachable metals associated with LA in order to gain insight into tfeceunetal
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composition. LA was suspended in saline at a concentration of 5 mg/ml, sonicated for 15
min, vortexed, and mixed for 30 min. Samples were then centrifuged for 15 min at 14,000
rpm and the supernatant removed for evaluation of saline leachable metal contgellefbe
were then resuspended in 1M HCI, mixed for 30 min., centrifuged, and the supernatant
removed for evaluation of the acid-leachable metal content. All elemenkgsianaas

performed with inductively coupled plasma-atomic emission spectrom€yAES),

following U.S. Environmental Protection Agency (EPA) Method 200.7 rev4.4 protocol (U.S.
EPA 2007), using an axially-viewed, simultaneously-measured instrumekin@Eerer

4300DV ICP-OES, Bridgeport, CT). Fe content was evaluated at duplicateswgtied of
259.940 nm for reporting and 238.204 nm for confirmation. Independently-sourced, matrix-
matched calibration (VHG Labs, Manchester, NH) and quality control (SB&Xprep,
Metuchen, NJ) standards were used as specified by the analytical protoewidArdt

reference material (NIST SRM 1643e, National Institute of Standardfe@diurg, MD)
solution was included as an additional quality control standard during specified drecks.
levels measured at the two wavelengths agreed within 10% for all measg.ehoent
demonstrate method proficiency, duplicate samples of bulk solid standard references
materials NIST 1648a and 1649b from NIST, Gaithersburg, MD, were digested using aqua

regia. Average Fe recoveries were acceptable, with recoveries of 84% and g@dtively.

FeBinding. LA was suspended in saline at a concentration of 5 mg/ml, sonicated for 15 min
and vortexed. The LA suspension was then mixed with an equal volume of ferric chloride
(FeCk) (Sigma Aldrich, St. Louis MO) at either 215/ml or 21.52g9/ml. Samples were

incubated at room temperature for 1 hr on a rotator before being centrifuged far 46 mi
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14,000 rpm. Supernatant was removed for ICP-AES analysis, to determine the amount of Fe
remaining in solution. Through subtracting the amount of Fe in the supernatant fragm FeCl
control samples lacking LA, we were able to determine the amount of Fedbeiadesd with

the fibers. In order to validate these findings the pellet-associatsahkent was determined

using ICP-AES. The pellet was washed 3 times with double distilled water ¢oeamn

bound Fe before being digested with aqua regia, (3:1 hydrochloric acid:nitfjc Eoe

amount of Fe bound to LA was then calculated by subtracting Fe released fromaddiges

control LA (4.34ug/mg) without added Fe€lIResults from the two sets of experiments,
involving the analysis of Fe lost from the supernatant and Fe bound to the fiber, yielded

equivalent results with agreement within 93%.

ROS Measurement. LA was loaded with Fe as described above usingui2lfl of FeC},

the concentration that provided significant Fe binding. After incubation of LA wiilisFe

and before performing the assay fibers were washed 3 times with salineote r@ny non-

bound FeG and resuspended in saline. Acellular oxidant generation by LA with and

without bound Fe was measured by analyzing thiobarbituric acid (TBA)-reactidects
generated from the oxidation of deoxyribose. The reaction mixture, containing 1.0 mM
deoxyribose, 1.0 mM ¥D,, 1.0 mM ascorbate, and 2.5 mg of LA was incubated in saline at
37°C for 30 min with agitation and then centrifuged at 1200xg for 10 minutes. One ml of

both 1.0% (w/v) TBA and 2.8% (w/v) trichloroacetic acid was added to 1.0 mL of

supernatant, heated at 100°C for 10 min, cooled in ice, and the TBA-malondialdehyde adduct

concentration was determined by its absorbance at 532 nm.
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In Vitro Exposure of Respiratory Epithelial Cellsto LA. BEAS-2B cells (passages 70-80)

were grown to 90% confluence on tissue culture 12-well plates (Costar) im&eyée

growth medium (media). In a series of experiments we examined thd Fgero

modulating LA induced toxicityn vitro. Initially a dose-response experiment was

performed to determine LA-induced cytotoxicity and to set an appropriatdatose

subsequent studies. BEAS-2B cells were incubated with 0, 50, 100, or 200 pg LA/mL media
and the release of lactate dehydrogenase (LDH) was measured in supsrnat

Next we examined the toxicity of LA loaded with Fe (FeLA) compared to alody

fibers. BEAS-2B cells were incubated with mediagdeCk without LA (2ug of FeC}

contains the amount of Fe bound tolg0LA), 50ug LA or 50ug FeLA. FelLA fibers were
produced by the procedure described above including removal of free Fe by wWinEisg
with distilled water 3 times. In order to further understand the role of fiber bound and
endogenous cellular Fe, a Fe chelator, deferoxamine (DEF) was used to aheutéd
toxicity. BEAS-2B cells were incubated with media, 5GPLA, 200uM DEF, or 50ug LA

+ 200uM DEF (LA + DEF). Lastly an experiment was designed to understand hote a sta
of intracellular excess Fe might affect LA-induced toxicity. BEXASeells were Fe-
preloaded during a 4hr pre-treatment with 100 ferric ammonium citrate (FAC) (Sigma
Aldrich, St. Louis MO) or media, then cells were washed and incubated with oréabag
LA. The concentrations of LA used are consistent with previoudro experimentation of
other asbestos samples using BEAS-2B cells (Véaalg, 2006a, Wangt al., 2006b) as
well asin vitro studies examining the toxicity of LA (Duncanal., 2010). In all
experiments supernatants and cells were collected 4 hours after exposotexi€ityt was

also measured using LDH release in the supernatant normalized to a positieé(t.DH
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released from cells lysed with 1 ml of double distille®iHto obtain percent cell viability.
Changes in cellular mRNA expression levelg-afctin (Control), interleukin-8 ( a rat
homolog of macrophage inflammatory protein-2; MIP-2), heme-oxygenas®-1YHand
ferritin heavy chain (FHC) were analyzed at 4 hrs as described beld@vh&sibeen shown
to be upregulated following acute insults as a result of mobilization of Fe likelgdiction

of HO-1 (Koorts and Viljoen, 2007).

Animals. Male, 11-12week old SH rats were purchased from Charles River Laboratories,
Raleigh, NC. All rats were maintained in an isolated animal room within smchsion for
Assessment and Accreditation of Laboratory Animal Care (AALAC) appraviecba

facility at 21 + 1°C, 50 % 5% relative humidity, and 12 h light/dark cycle. Rats aeursed
(2/cage) in polycarbonate cages containing beta chip bedding. Animals retandatc
(5001) Purina rat chow (Brentwood, MO) and waigtibitum. The U.S. EPA NHEERL

Institutional Animal Care and Use Committee (IACUC) approved the protocol.

Intratracheal Instillation of Libby Amphibole. LA fibers were suspended in saline, sonicated
for 15 minutes in a water bath, and vortex mixed in order to obtain uniform suspension of
fibers for instillation. To assure that fibers did not settle at the bottom when regnovi
suspension for instillation, the suspension was mixed prior to each instillatien. Rat
(n=8/time point) were anesthetized with isoflurane and intratracheatiiled as described
previously (Wallenbormt al., 2009) with 30Qul saline only or containing 1 mg
deferoxamine, 21.g FeC}, 0.5 mg of LA, 0.5 mg LA loaded with Fe (FeLA), or 0.5 mg LA

+ 1 mg deferoxamine (LA + DEF).

46



Necropsy, Sample Collection, and Analysis. Four hours or 1 day following instillation rats
weighed 309 * 1.469g (Values mean weight + S.E.) and were anesthetized withdose\c#
sodium pentobarbital (Virbac AH, Inc., Fort Worth, TX; 50-100 mg/kg, ip). Animalgs wer
exsanguinated via the abdominal aorta. The trachea was then cannulated\dnadetheng

was lavaged with C&Mg?* free PBS (pH 7.4, at 37°C) equal to 35 ml/kg body weight
(representing total lung capacity). The lung lobes were lavaged time®with the same

PBS aliquotThe right lung lobes were then removed, placed in liquid nitrogen, and stored at

-80°C for later RNA isolation.

Cell Differential and Bronchoalveolar Lavage Fluid (BALF) Analysis. Aliquots of BALF
were taken for total cell counts (Coulter Inc., Miami, FL, USA), anddiférentials. Cell
differentials were determined on Cytospin preparations (Shandon, Pittsburglof Biges
stained with LeukoStat (Fisher Scientific Co., Pittsburgh, PA). Macrophages @nojphés
were counted under light microscopy and quantified based on total cell count st 80lea
cells per slide. The remaining BALF was centrifuged, and cellBae- was evaluated for
the following: total protein (Coomassie plus Protein Assay Kit, Pierce, Bia;KL),
albumin (DiaSorin, Stillwater, MN), lactate dehydrogenase (LDHyi#g{{Thermo Fischer
Diagnostics, Middletown VA), N-acetyl-D-glucosaminidase (NAG) activity (Roche
Diagnostics, Indianapolis INy;glutamyl-transferase (GGT) activity (Thermo Fischer
Diagnostics), ferritin (Kamiya Biomedical Company, Seattle, WA) aaaksferrin
(DiaSorin). Total Fe-binding capacity (TIBC) was calculated by addlieginsaturated Fe-

binding capacity (UIBC) (UIBC Assay, Genzyme Diagnostics, Chattotte, Prince
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Edward Island, Canada) and the non-heme Fe (Serum Fe-SL Assay, Genzgnosiig).
All assays were normalized for BALF analysis and run using the Konet&ia/0 clinical

analyzer (Thermo Chemical Lab Systems, Espoo Finland).

RNA Isolation and Real-Time Quantitative PCR. Total RNA was isolated from cells using
RNeasy micro kits (Qiagen, Valencia, CA), and from caudal lung lobesfioiguid
nitrogen using RNeasy mini kit (Qiagen). One-step RT-PCR was carriegiogtPlatinum
Quantitative RT-PCR ThermoScript One-Step System (Invitrogen, CarlsbadjaCA)
manufacturer’s instructions (Shannalesal., 2010). PCR was performed fsactin
(Control), macrophage inflammatory protein (MIP-2), heme-oxygenase-1 (Hexit)n
light chain (FLC), and ferritin heavy chain (FHC). Human specific ansipetific primers
for these mMRNA were purchased from Applied Biosystems, Inc. (Foster@&). Relative
fold mMRNA expression was calculated considering, media exposed cells oresalaosed

SH rats as controls.

Satistical Analysis. Data are expressed as meaf.E. (BEAS-2B cells, n=9/treatment
group; SH rats, n = 8/ group). Sigma Stat version 3.5 (Systat Software, In¢., Poi
Richmond, C.A.) was used to determine statistical comparisons via a one-wayjsasfalys
variance with exposure as the factor followed by a post-hoc comparison using the Holm-
Sidak method. Statistical significance was determined when p was found to theifess

equal to 0.05 between treatment groups.
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3.3 Results

3.3.1 LA Surface Metal Content, Fe binding and Modulation of ROS Generatioby Fe

A very small quantity of water-leachable Fe was present on the surfaéefibers
(6.04 £ 2.96 ng Fe / mg of LA, Table 3.1). When LA fibers were incubated with 1M HCI, the
guantity of Fe leached off from LA surface increased by ~100X, however thea@uable Fe
is still very low relative to total Fe content of LA. Silicon and magnesibentwwo major
structural elements of LA, were also detected in water and acid leadfzaiens of LA.
Levels are very low compared to total elemental content, indicating thatrneétes nor 1M
HCI was significantly dissolving the amphibole structure. We observed that upon ionubat
of LA with FeCk additional Fe bound to the fibers, corresponding to ji§.6e / mg of fiber
(Figure 3.1). The additional Fe was not dissociable after three washessiiltacdwater,
demonstrating that Fe can chemically bond with LA which is not dissociable inwsjue
media. Since a solution of FeGt a concentration of 21&g/ml provided a high level of Fe
binding to the surface of LA~ 7 ug/mg of LA), all subsequent experiments utilizing Fe-
loaded LA were done at this concentration of EeCl

LA was found to generate ROS that could be modulated via altering the ditgilabi
of Fe in a cell free system (Figure 3.1). Incubation of untreated LA in dalacehedia
produced ROS as determined by presence of TBA reactive substance. Deifeed{Cik)
reduced the potential of LA to produce ROS by approximately 50%. Furthermore hthroug
loading of LA with Fe, ROS generation was increased 3.5-fold. This increase in ROS
generation was also reduced to approximately 75% of untreated LA controlitetheds

presence of DEF (Figure 3.1).
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3.3.2 Effect of Fe Binding and Removal from LA on BEAS-2B Cells

BEAS-2B cells exhibited no changes in cytotoxicity at 4hr post LA exposailé at
concentrations (Figure 3.2). Cellular mMRNA expression level of IL-8, a neutrophil
chemoattractant and marker of inflammation, was elevated 4hr after LA egposur
concentration-dependent manner. Neither HO-1, a rate limiting enzyme ohtegiatgolism
and a sensor of cellular ROS, nor ferritin, a Fe binding protein transcripyiacéiVated by
increased HO-1, were altered due to LA exposure at any concentration. ASiata L
concentration of 5Qg did not show any cytotoxicity but caused a significant increase in IL-

8, furtherin vitro experiments were performed using this concentration of LA.

3.3.3 The Role of Fe Binding to LA on BEAS-2B Cell Expression of mMRNA markesf

Fe Homeostasis, Oxidative Stress, and Inflammation

LA did not alter cellular mRNA expression levels of HO-1 or ferritin; however
significant modifications were demonstrated in IL-8 transcriptionavaibin (Table 3.2).
Exposure of BEAS-2B cells to LA caused a significant induction in IL-8 cordfareells
incubated with media without added LA. Fe-loading of LA reduced the level of IL-8
transcriptional activation seen without Fe-loading (Table 3.2A). ExposurdofacéeCl
alone (at the level that was bound to LA), did not significantly change IL-&&sipn
compared to media controls. LA exposure in the presence of DEF caused goeaseseis in
IL-8 expression when compared to LA incubations without DEF (Table 3.2B). Exposure to
DEF alone did not change IL-8 expression significantly when compared to metlals.

Fe preloading of BEAS-2B cells significantly decreased the abilibAdb induce IL-8
expression (Table 3.2C). Preloading of cells with Fe alone was not found tdlaf@ect

expression.
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3.3.4 The role of Fe in Modulating n Vivo Pulmonary Injury and Inflammation as

Determined by Analysis of BALF

In order to determine the role of Fe in altering the toxicity of LA, wetiracaeally
exposed rats to LA with or without Fe-loading and also in the presence of DieE.tBe
transcriptional response was expected to occur earlier than the neutroplkdnrhe lung,
we determined changes in transcription of target genes at 4 hr and inflammatioarad 4
24hr post exposure. BALF total cells collected from rats 24h post-exposure exateélin
LA and LA + DEF exposed animals (Figure 3.3). FeLA however, demonstrated no
significant changes from saline controls. No changes were seenataalacrophage
counts but they trended to decrease in rats exposed to LA under all conditions. Neutrophil
counts were elevated in all LA exposure groups compared to saline controls howeve
variations of neutrophilic influx occurred due to the availability of Fe. In geBéaF
neutrophil counts were less in rats receiving FeLA than LA by itself+ID¥F on the other
hand caused a marked increase in BALF neutrophils when compared to LA groups without
added DEF (LA + DEF > LA > FelLA).

At 4hr post-exposure to LA, FeLA or LA + DEF, BALF LDH and NAG actistie
used as the markers of lung cell cytotoxicity and alveolar macrophagatiact;
respectively, were elevated, whereas total protein, aloumin, and GGTyactve
unchanged (Data not shown). At 24hr post exposure howeveg, &gidlsed animals
demonstrated elevated (though not significantly) BALF total protein levels alhiother
treatments showed no changes (Figure 3.4). BALF albumin levels followed a sianithto
total protein. GGT and LDH activities at 24hr were unchanged afteg Eg@bsure and

were increased in DEF, LA, FelLA, and LA + DEF groups compared to saline sontrol
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(Figure 3.4). Interestingly, animals exposed to FeLA demonstrated¢$sttivity when
compared to LA alone. NAG activity was uniformly elevated at 24hr in all gnagesving
LA (LA, FeLA, LA + DEF) compared to saline. BALF ferritin levels wezlevated at 24hr
post-exposure to all LA treatments while transferrin levels were vedl(Eigure 3.5).

Heme in BALF was increased due to DEF treatment while non-heme Fe levels w
increased only in Fegkxposed animals (Figure 3.5). No specific pattern of differences in

these parameters emerged between LA, FeLA and LA + DEF groups.

3.3.5 Lung Expression of mMRNA Markers of Fe Homeostasis, Oxidative Stress, and

Inflammation

MIP-2 was significantly elevated in all LA exposed groups at 4hr post-exgosur
however variations in induction due to Fe modifications were evident (Figure 3.6\ FeL
caused an elevation in MIP-2 that was significantly less than what wasedseiLA,
whereas LA + DEF caused a significant increase in MIP-2 compared (bA.A DEF > LA
> FelLA). HO-1 mRNA expression was significantly increased in rats egpgostlug
FeCk while no changes were seen in any other exposure groups. Ferritin heavyEt@in (
was markedly elevated only in rats exposed to Fe-loaded LA compared to satniten Fe

light chain (FLC) was unchanged from control saline in all groups.

52



Table 3.1. Leachable Metals Associated with LA

Average Concentration ng Metal / mg of LA (std. error)

Fe Si Mg
Saline 6.04 + 2.96 648.48 + 18.79 317.44 +2.75
1M HCI 845.23 + 6.84 1416.40 + 23.82 1060.26 + 8.60

LA was washed with either saline or 1 M HCI and supernatants were net&suleachable

iron (Fe), silicon (Si), and Magnesium (Mdyalues represent mean = S.E.
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Figure 3.1
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Figure 3.1. The binding of Fe to LA and modulation of ROS generation in a cell-free
environment. A) The amount of Fe complexed with LA after an hour incubation with 215
ug/ml or 21.5ug/ml FeCkin an acellular system. Values are mean = SE (n = 6/ group). B)
Reactive oxygen species generation of LA, Fe-loaded LA (FeLA) (prodftegdnegubation

with 215ug/ml FeCh) and in the presence or absence of an Fe chelator, deferoxamine (DEF)
in an acellular system. Values mean = SE (n= 3/group). * Indicates signififentnice

from LA controls (p<0.05).
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Figure 3.2
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Figure 3.2. Cell viability (LDH), and mRNA expression for biomarkers of infietion,
oxidative stress, and Fe homeostasis in BEAS2B cells at 4 hour following LA egposur
Cells were exposed to 0, 50, 100 or 2@@cnt of LA and LDH release in the media was
analyzed. Real-time reverse transcriptase PCR was used for anoblis& (Interleukin-8),
HO-1 (Heme Oxygenase-1), and Ferritin heavy chain (FHC). Values ares&E (n = 9/

group). * Indicates significant difference from media controls (p< 0.05).
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Table 3.2. In Vitro Interventional Studies

A.
Fe loaded LA (Relative mRNA Fold Change * Std. error)

IL-8 HO-1 Ferritin

Media 1.53 + 0.67 1.07 £0.22 1.05+0.14

FeCk 0.47 +0.05 0.91 +0.09 1.11+£0.14

LA 24.45+1.81* 0.74 £0.04 0.97 +0.09

FeLA 14.49 +0.60 ¥ 1.40 +0.28 1.50 +0.40

B.

LA and Def Treatment (Relative mRNA Fold Change + Std. error)

IL-8 HO-1 Ferritin

Media 1.07 £0.18 1.04+£0.13 1.05+0.16

Def 1.62 +1.00 0.93+0.13 1.02+£0.13

LA 39.90+11.51* 0.77£0.12 0.92+0.14

LA + Def 83.40 + 10.69 ¥ 1.22 £0.09 1.23+0.18

C.

Fe Loaded Cells and LA Exposure (Relative mRNA Fold Change + Std. error)

IL-8 HO-1 Ferritin

Media 1.02 £0.10 1.08 + 0.20 1.07 £0.19

Fe loaded cells 1.88 £ 0.74 1.38 £0.20 1.30 £ 0.22

LA 50.88 + 6.54 * 0.87 +0.09 1.00 £ 0.09

Feloaded 12.61 +2.16 ¥ 0.95+0.17 0.92 £0.23

cells+ LA

BEAS-2B cells were exposed for 4h to LA under a number of Fe manipulations and were
examined for changes in mMRNA expression of interleukin-8 (IL-8) a markeraifimfation,
heme-oxygenase-1 (HO-1) a marker of oxidative stress, and ferritin amodufke
homeostasis. A) BEAS-2B cells were exposed to media (contrat), FeC§, 50ug LA, or
50ug Fe loaded LA (FeLA). B) BEAS-2B cells were exposed to media (corn2@duM
deferoxamine (DEF), 50g LA, or 50ug LA + DEF. C) BEAS-2B cells were pretreated
with 0 or 200uM ferric ammonium chloride (FAC) in order to Fe preload cells. Then cells

were treated with either media (control) orgLA. Values are mean fold change = S.E.
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Figure 3.3
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Figure 3.3. The role of Fe binding and chelation in LA-induced influx of inflammasdis/ ¢
(total cells, macrophages and neutrophils) in BALF of rats 24 h after exposigevdrat
instilled with saline (control), 2lkg FeC4, 1 mg DEF, 0.5 mg of LA, 0.5 mg Fe-loaded LA
(FeLA), or 0.5 mg LA + 1 mg DEF (LA + DEF). Values are mean = SE (n = 8/grdup)
Indicates significant difference from saline controls (p < 0.05). # Indicagpedicant

difference from LA (p < 0.05).
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Figure 3.4
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Figure 3.4. The role of Fe binding and chelation in LA-induced changes in BALRnprote
albumin and LDH, NAG and GGT activities in rats at 24 hour post exposure. Rats were
instilled with saline (control), 2lkg FeC4, 1 mg DEF, 0.5 mg of LA, 0.5 mg Fe-loaded LA

(FeLA), or 0.5 mg LA + 1 mg DEF (LA + DEF). Values are mean = SE (n = 8/grdup)

58



Indicates significant difference from saline controls (p < 0.05). # Indicapedicant

difference from LA (p < 0.05).
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Figure 3.5

P * * *
g 160 1 T
s T
£ 2 120
= —
5y 8]
<L 40]
S 0 o
= Saline FeCl, DEF LA FeLA LA+
Def
c 3,100 )
5 & 80 il
% I 60 f
] 1
& I 40 ]
= @ 20]
c
= O saline FeCl, DEF LA FeLA LA+
Def
%“ 10
o = 8 *
= 1
m _
£ Q{E
O Saline FeCl, DEF LA FeLA LA+
Def
—_ *
5 5 T
= o5y 12 1]
o 2
£ TR 8 1
q) - T T = T
ST < 4T " £
£a T :
= £ 0 saline FeCl, DEF LA FeLA LA+

Def

Figure 3.5. Markers of Fe homeostasis in the BALF of rats exposed to saline jc@atngj
FeCk, 1 mg DEF, 0.5 mg of LA, 0.5 mg Fe-loaded LA (FeLA), or 0.5 mg LA + 1 mg DEF
(LA + DEF). Values are mean = SE (n = 8/group). * Indicates significant eiféer from

saline controls (p < 0.05). # Indicates significant difference from LA (95)0.
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Figure 3.6
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Figure 3.6. Relative mRNA levels for markers of inflammation, oxidatiesstiand Fe
homeostasis in the lungs of rats exposed to saline (contralg F&C}, 1 mg DEF, 0.5 mg
of LA, 0.5 mg Fe-loaded LA (FeLA), or 0.5 mg LA + 1 mg DEF (LA + DEF). Reaé
reverse transcriptase PCR was used for analysis of MIP-2 (Macrophlagentattory

Protein-2), HO-1 (Heme Oxygenase-1), FHC (Ferritin Heavy Chain), e@dfFerritin
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Light Chain). Values are mean + SE (n = 8/group). * Indicates significaeteiite from

saline controls (p < 0.05). # Indicates significant difference from LA (95)0.
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3.4 Discussion

Fe complexed onto the surface of fibers after inhalation exposure is thought teertbeea
toxicity of asbestos by increasing ROS production through Fenton reacti@puiipose of
this study was to systematically examine the role of surface compledezhdogenous Fe in
exacerbating the toxicity of LA. We determined the presence of lelecbarface metals,
such as Fe and silicon on LA and examined the ability of LA to bind exogenous Fe and
produce ROS in an acellular system. Furthermore, we investigated theafhihity
additional complexed Fe in modifying LA-induced inflammationitro (BEAS-2B cells)
andin vivo (SH rats). As has been reported with other asbestos materials, our data show that
a significant quantity of Fe binds to LA. In an acellular system withcseffi quantities of
reducing equivalent present, Fe loading of LA increases the production of R@S whil
removal of the Fe using DEF reduces it. Howewrevitro, Fe-loading of LA or Fe-
preloading of cells reduces the inflammogenic effect of LA as evidenceddxyrease in
transcriptional activation of IL-8. Furthermore,vivo Fe loading of LA decreases the
neutrophilic inflammation and inflammatory gene expression induced by LA DEife
increases this response. Fe-loading of LA increases ferritin mRNwwtiinducing HO-1
invivo but not in cells. Thus, increased fiber-bound or cellular catalyticallyeaeg might
reduce the acute inflammatory response caused by LA rather tharsingredlammation
through ROS production. In situations where there is a deficiency of catiyyticive Fe in
cells or more readily available Fe binding sites on the surface of fileerajght be released
from cellular proteins that bind Fe tightly which can result in the activatipnod¢ins, and

signaling that leads to an inflammatory response.
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As with other asbestos fibers (Hardy and Aust, 1995), we noted that LA contained
leachable Fe. More importantly, it is likely that because significant anodwsilicon is
present on the surface of LA (as evidenced by its leaching with 1 M HCly Iticd
exogenous Fe. Silanol groups have been shown in other fiber types to mediate the
complexation of endogenous Fe (Ghi@l., 2004). At physiological pH deprotonation of
the Si-OH groups leaves a net negative charge across the surface of tHfileg éor the

association of cations. Due to the bioavailability of Fe and the high stabilittanbfsr Si-
O and Fe cations, asbestos fibers could become saturated by exogenous Fe in an acellular

system or with endogenous Fe in cellular systems. We show that a substantialarreunt
could complex LA in an acellular system. Additionally, this Fe was able to ®abx and
increase ROS production in a cell free system consistent with what has baeeddbsth
other mineral fibers such as crocidolite and amosite (&tab, 1992, Eborn and Aust,
1995). It has been shown that loading of asbestos fibers with Fe increasessasiesed
DNA strand breaks and oxidation byproducts via augmentation of ROS productionr{®Gazza
et al., 2007). The Fe chelator, phytic acid, has also been shown to reduce the production of
ROS and DNA strand breaksvitro in cellular incubations (Kamgt al., 1995a).

The role of Fe in generating ROS was further demonstrated in our study by a
reduction in ROS in the presence of a Fe chelator, DEF, in an acellular sy3Efrbinds
all six available coordination sites of Fe therefore blocking all redox adttegeasd
inhibiting the production of ROS. This ability of DEF to bind Fe at all of coordinatios site
makes it appropriate for the treatment of Fe-overload diseases and fadghefdte

mediated ROS production (Galanedtal., 2010, Posesgt al., 2004).
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It is likely that Fe can be released from fibers over time during the dissoluti
process, as has been shown to occur in case of crocidolite exposure of A549 celis(Fang
Aust, 1997). However dissolution can depend on the type of fiber, the solubility in an
intracellular and lysosomal compartment and the duration of incubation. We observad that
case of LA, while a very small quantity of Fe was leached from filsensvaater and 1 M
HCIl washing, a large quantity was Fe was bound in a very short time (1 h) upon incubation
with FeCk. We observed that additional Fe remained bound to LA upon washing with water.
Our data show that when rats were exposed to FeLA, Fe remained bound to LA even in the
lung. This assumption is supported by the fact that in rats instilled witlh BaQGhot in rats
instilled with FeLA, cell-free BALF levels of non heme Fe were iasegl. The short
duration of exposure in our study does not allow us to examine the possibility that
endogenous Fe can continue binding LA fibers over time, but our data are consistent in
supporting the ability of LA to bind Fe.

The evidence from our study on the role of Fe in LA-induced inflammogenicseffect
in cells andn vivo in rats show that Fe loading of LA decreases the toxicity of LA in cells,
contrary to what has been shown to occur involving other asbestos fibers ¢<amp
1995b). Since Fe remained associated with fibers after instillation of Fel# rat lung,
and the inflammatory response of LA was reduced in the presence of surfacexednfigge
we can presume that release of Fe from LA fibers was not associdteal deicrease in the
inflammatory response. When cells were preloaded with Fe, a decréasentiuced
inflammogenic effects suggests that the availability of celleéato bind LA, likely in
catalytically active form within a low molecular weight fraction gfaplasm (Fang and

Aust, 1997) might decrease the release of Fe from more tightly bound endogenaans prote
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thereby causing a decrease in inflammatory response. As DEF reneofvemRhe surface
of LA and proteins, it is likely that opened Fe binding sites on the surface of LAomem
more tightly bound iron to be released from proteins leading to their activation anchgigna
for inflammation. The ability to chelate Fe from endogenous sources has been shown to
contribute to the inflammatory response to bacteria in the lung as they lutisz&e
resources (Weinberg, 2009). Recent research assessing the role of Feztmdueed
toxicity suggests that the movement of Fe is a key component in the inflammesjooynse
(Ghiazzaet al. 2011). In our study using LA, a mixture of relatively short asbestos,fibers
with different physiochemistry yielded similar results. These studgether suggest that
the differential inflammation induced by fibrous and non-fibrous particles, edlchhei
ability to bind Fe can be inhibited by readily bioavailable cellular Fe.

Since precise real-time measurement of ROS generation in cells and in Wwvmis
technically challenging, we chose to use induction of HO-1 as a marker ofiexistaess
and IL-8/MIP-2- as markers for inflammatory responsariatitro andin vivo experiments.
HO-1, an antioxidant, is involved in generating cellular Fe by catabolizimg hdeme
containing proteins are known to be susceptible to damage by ROS causing teeofdieas
containing heme groups. Both the release of heme and the presence of ROS cause the
transcriptional activation of HO-1. The release of Fe from HO-1 mediat®@ catabolism
causes the transcriptional upregulation of Fe storage proteins such as(féazizelinoet
al., 2010). The fiber itself and the ROS are known to induce an inflammatory cytokine
release causing the recruitment of inflammatory neutrophils in an attercipér the foreign

fiber (Haegenst al., 2007, Haegenat al., 2005). The primary inflammogenic cytokines
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(IL-8 in humans and MIP-2, a human analog of IL-8, in rats) are known to be induced after
asbestos exposure (Hillegagsl., 2010, Duncaet al., 2010).

LA was able to markedly induce IL-8 in BEAS-2B cells and MIP-2 in rat lungs.
These LA-induced inflammogenic effects were not associated wittctiatisnal changes in
HO-1 regardless of Fe loading. However, Rdfyl itself increased HO-1 mRN# vivo
without inducing ferritin in the lung. It is likely that the kinetics of uptake and the
bioavailability of Fe from the airway lining when in loosely-bound chemmahfcould be
different from Fe bound to LA resulting in Feg@ducing HO-1. Since Fe loading of LA but
not FeC} increased ferritin heavy chain mRNAvVivo, it is likely that Fe bound to LA
triggered a compensatory response in the lung. It is not clear if this respghséeni
involved in reducing the inflammatory response of LA. BALF ferritin wasaased in all
animals receiving LA, demonstrating the ability of LA to influence hodidfaeostasis. In
cells or in the lung lining fluid, the availability of Fe binding proteins might foncas
antioxidants by sequestering metals. Furthermore, the lack of suffiesarting equivalents
in the lung lining might inhibit pro-oxidant reaction with Fe on LA surface and thus, ROS
generation.

The development of ferruginous bodies has been shown to occur years after fiber
exposures in humans (Pooley, 1972, Treé#frgl., 1987). No evidence exists to show that in
animals the toxicity of asbestos is due to ferruginous bodies and not the fiber coneerhowe
it has been shown that upon isolation of these bodies from a patient lung the production of
ROS, as measured by DNA strand braakstro, was increased relative to fibers without
ferruginous bodies (Lune al., 1994). From our study one can postulate that since in an

acellular system Fe can rapidly bind LA fibers, it is likely that the itibibbiof the acute
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inflammatory respons& vivo might relate to the availability p of Fe in its catalytically
active form in cells and on the surface of the fibers. In a chronic condition, thaqeede
fibers with open Fe binding sites in the lung might lead to a new Fe equilibriuradretw
proteins and the surface of the fibers causing bioactive Fe to be assodiatioers and
possibly results in a decreased inflammatory response.

The intratracheal instillation produces an acute bolus response chaealchsriz
inflammation, however, if conducted at relatively less toxic levels of expdsaen provide
mechanistic insights and allow interventional strategies. Similar tesp@nse from
intratracheal instillation in our study, short-term inhalation of asbestasialathas been
shown to induce acute inflammation (Dostert et al., 2008). As with instillatiortyo
exposures, although not realistic when conducted in relevant cell types allow gaentoe2
the acute mechanisms involved in inflammogenic responses at a cellulaBepause the
fiber length in the LA mix used in this study is relatively shorter than othestss materials
such as amosite and crocidolite, it is likely that over time the intracedinthextracellular
processes that control the Fe binding might be different with longer fibers. lbelea shown
that significant quantities of fibers are internalized by BEAS-2B deiring 24hr incubation
with LA collected in 2000 (Duncan et al., 2010). Because the LA sample used indbetpre
study is similar to the LA sample of 2000, it is likely that the shorter filaetioms are
readily phagotytosed by alveolar macrophages. Uptake by alveolar macrophtugekAof
samplen vivo may be responsible for mediating the inflammatory responses not airway
epithelial cells such as used in enwitro study. Long-term retention of fibers in the lung

will likely depend on the size range of different fractions of LA.
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In conclusion we determined that LA fibers contain surface silicon, caryreadi
exogenous Fe in an acellular system and this binding can increase ROS production.
However, loading of LA with Fe decreased the inflammatory response of LArbatho
andinvivo. By chelating LA-bound and endogenous host associated Fe, the toxicity of LA
was increased suggesting that Fe in moderate concentrations inhibits thenittay
response induced by fibers. Our data suggests that the deficiency of Fe an orlthe

surface of fibers might increase the acute inflammatory response. of LA
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CHAPTER 4. INFLAMMASOME ACTIVATION BY LIBBY AMPHIBOLE AND
THE ROLE OF IRON

4.1 Introduction

The inflammasome is a multiprotein complex which initiates the inflator
cascade resulting in the innate immune response evident after exposuresety afvar
pathogens (Pang and Iwasaki, 2011, Conforti-Andreioali, 2011, Martinoret al., 2002).
The inflammasomes primarily functions through the cleavage and activavasudses.
These caspases once activated cleave and activate pro-inflammat&myes/such as
interleukin- (IL-1p) and interleukin-18 (IL-18). IL{1is known to not only mediate
inflammatory response but also cellular apoptosis, proliferation, and difégremt 1L-18 is
known to be involved with activating cellular immunity after microbial exposuré® L
(Mojtahedi and Ghaderi, 2005).

Depending on the activating signal the proteins that complex to form the
inflammasome and the caspases that cleave laré different. It has been shown that
asbestos and silica can activate the NALP3 inflammasome after exfOaasekt al.,

2008, Dostert and Petrilli, 2008). Furthermore NALP3 -/- mice have been shown to be
protected from the development of fibrosis after silica exposure compared typeilchice
(Dostert and Petrilli, 2008, Crwet al., 2007). This has led researchers to postulate that the
activation of the inflammasome may have a role in the development of asbettosis a

asbestos exposure. Asbestos exposure is also known to cause an up-regulati@in of IL-1



which is known to be vital to both the inflammation and fibrosis that occurs after asbestos
exposure (Lindroost al., 1997, Wanget al., 2004).

Previously our lab has demonstrated that through modifications of surfacélavaila
iron (Fe) on Libby amphibole (LA) the inflammatory response can be alterednbotio
andinvivo (Shannahan et al. 2011b). Specifically, we showed that the acute inflammatory
response was dampened when LA was loaded with Fe while inflammation was eénhance
when LA was treated with an Fe chelator. These findings along with neavalesegarding
the inflammasome led us to hypothesize that the availability of Fe on the sufrigke
modifies the activation of the inflammasome. In order to address this hypatieesis
examined 1) LA’s ability to induce the inflammasome, and 2) the role of Fe in
inflammasome induction. Activation of the inflammasome pathway was assesaeghthr

analyzing mRNA expression changes after exposure to LA in the lungs ¢Figure 4.1).
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Figure 4.1.
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Figure 4.1. A schematic of the inflammasome signaling pathway. The SAdiosE PCR
array included all components of inflammasome pathway. Capthesin-B is a krioxatoac

of the inflammasome that has been shown to be induced by other asbestos mawmeds. G
encoding inflammasome complex proteins of included a variety of NALPs and ASC.isAS
an adaptor protein containing a CARD domain that cleaves and activates dadpat&
proteins are known to bind and activate ASC. Specifically NALP3 has been shown to be
activated by asbestos exposure. The inflammasome activation causes#dimaetnd

release of caspase-1 which cleaves pro-fLahd pro-IL-18 to their active ILfl and IL-18
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forms. Activation of IL-18 is known to lead to the induction interfeydsy activating natural

killer (NK) and T cells.
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4.2 Materials and Methods

Animals. Male, 11-12veek old SH rats were purchased from Charles River Laboratories,
Raleigh, NC. All rats were maintained in an isolated animal room within ascidsien for
Assessment and Accreditation of Laboratory Animal Care (AALAC) appravieaba

facility at 21 £ 1°C, 50 * 5% relative humidity, and 12 h light/dark cycle. Rats ursed
(2/cage) in polycarbonate cages containing beta chip bedding. Animals redcendatdc
(5001) Purina rat chow (Brentwood, MO) and waiefibitum. The U.S. EPA NHEERL

Institutional Animal Care and Use Committee (IACUC) approved the protocol.

Preparation of Fe loaded of LA. LA was suspended in saline at a concentration of 5 mg/ml,
sonicated for 15 min and vortexed. The LA suspension was then mixed with an equal
volume of ferric chloride (Fe@) (Sigma Aldrich, St. Louis MO) at either 21.g/ml.

Samples were incubated at room temperature for 1 hr on a rotator beforedveiiigged

for 15 min at 14,000 rpm. The pellet was washed 3 times with double distilled water to
remove non bound Fe before being re-suspended in saline. Based on previous
experimentation the amount of Fe associated with the fiber is approxirh@iegymg of

fiber (Shannahan et al. 2011b).

Intratracheal Ingtillation of Libby Amphibole. LA fibers were suspended in saline, sonicated
for 15 minutes in a water bath, and vortex mixed in order to obtain uniform suspension of
fibers for instillation. To assure that fibers did not settle at the bottom when regnovi
suspension for instillation, the suspension was mixed prior to each instillatign. Rat

(n=8/time point) were anesthetized with isoflurane and intratracheatiiled as described
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previously (Wallenbormt al., 2009) with 30Qul saline only or containing 1 mg
deferoxamine, 21.g FeC}, 0.5 mg of LA, 0.5 mg LA loaded with Fe (FeLA), or 0.5 mg LA

+ 1 mg deferoxamine (LA + DEF).

Necropsy, Sample Collection, and Analysis. Four hours or 1 day following instillation rats
weighed 309 * 1.469g (Values mean weight + S.E.) and were anesthetized witlhdose\#
sodium pentobarbital (Virbac AH, Inc., Fort Worth, TX; 50-100 mg/kg, ip). Animalge wer
exsanguinated via the abdominal aorta. The trachea was then cannulated\dnudetheng

was lavaged with G&Mg?* free PBS (pH 7.4, at 37°C) equal to 35 ml/kg body weight
(representing total lung capacity). The lung lobes were lavaged time®with the same

PBS aliquotThe right lung lobes were then removed, placed in liquid nitrogen, and stored at

-80°C for later RNA isolation.

RNA Isolation and Real-Time Quantitative PCR. Total RNA was isolated from cells using
RNeasy micro kits (Qiagen, Valencia, CA), and from caudal lung lobesfioZiguid
nitrogen using RNeasy mini kit (Qiagen). An inflammasome rat spe@fiR &ray was
used to analyze changes in mRNA expression due to LA exposure via manufacturer’s
instructions (SA BioscienceByederick, MD. Data were normalized fo—actin as the control
gene. Relative fold mRNA expression was calculated considering seafosed SH rats as

controls.

Satistical Analysis. Data are expressed as mea8.E. (SH rats, n = 6/ group). Sigma Stat

version 3.5 (Systat Software, Inc., Point Richmond, C.A.) was used to determitecatati
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comparisons via a one-way analysis of variance with exposure as the factoedotig\a
post-hoc comparison using the Holm-Sidak method. Statistical significanaeteasiined

when p was found to be less than or equal to 0.05 between treatment groups.
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4.3 Results

4.3.1 Activation of genes related to inflammasome

In order to examine the ability to LA to induce the inflammasome as well agl¢he r
of Fe, gene expression of inflammasome specific markers were ahabking SA
Biosciences rat inflammasome arrays in lungs of rats 4 h post-exposli¢A expression
of cathepsin B, a known activator of the inflammasome, was induced after LAuexios
rats (Figure 4.2). Furthermore, cathepsin B expression was at control levelsaigheere
exposed to Fe loaded LA and LA + Def. ASC mRNA expression was also induced following
LA exposure in rats while exposure to Fe loaded LA and LA+ Def did not induce its
expression above control levels (Figure 4.2). Importantly NALP3 mRNA wakgated
following LA exposure but remained unchanged due to Fe loading of LA or exposuke to L
+ Def (Figure 4.2). All LA exposures induced interleukp¢IL-1) mRNA expression
(Figure 4.2). As observed with other genes Fe loaded LA however significahiberkthis
IL-1 p mRNA expression. Surprisingly this trend existed also with animals expokAdto
Def. NfkB mRNA expression was increased following LA and LA + Def exposure. Fe
loading of LA however did not induce "B mRNA expression. All treatments with LA
were able to induce mRNA expression of IL-6 compared to controls (Figure 4.R)adiey
of LA however significantly dampened the induction of IL-6 while LA + Deh#igantly

enhanced the induction of IL-6 compared to LA.

4.3.2 Gene expression of immune and inflammatory cytokines

Exposure to LA, Fe loaded LA or LA + Def did not alter pulmonary interferon-

interleukin-18 (IL-8) mMRNA expression (Figure 4.3). mRNA expression of the eosiicophi
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chemokine CCL-11 was only up-regulated in rats exposed to LA + Def while express
unchanged in other exposure groups (Figure 4.3). Even though mRNA expression of CCL-

11 was increased at 4 h eosinophils were not noticeably present in the lavage at 4 or 24 h post
exposure (data not shown). mRNA expression of the macrophage cytokines CCL-7, CCL-

12, and CXCL3 were increased after LA exposure (Figure 4.3). Exposure to Fetdbade

LA also increased these cytokines but to a lesser extent compared to LAdkxaiss In

general, LA + Def exposure resulted in an exacerbated induction of mMRNA €rpref

these cytokines compared to LA. Pulmonary Cox-2 mRNA expression was increased
following exposure to Def, LA, Fe loaded LA, and LA +Def compared to controlsr@ig

4.3). Animals exposed to LA + Def demonstrated significantly enhanced inductiax&f C

compared to LA.
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Figure 4.2
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Figure 4.2. Alterations in mRNA expression of genes related to activation of the
inflammasome pathway 4 h after exposure to LA, Fe loaded LA, or LA + Dieidicates
significant difference from saline controls (p<0.05). # Indicates sigmifidifference from

LA exposed rats (p<0.05).
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Figure 4.3.
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Figure 4.3. Immune and inflammatory cytokine mRNA expression 4 h after exposute to

Fe loaded LA, or LA + Def. * Indicates significant difference fromrsabtontrols (p<0.05).

LA LA+ LA+
Fe Def

Il.-18

2.0
oSTII B H
S W B OEOE
Y'Y galine FeCl, Def LA LA+ LAT
10 .,
- % h |
O . m__
S HHY
I O ot O
Y Saline FeCl, Def LA LA+ LA+
Fe Def
20 *
16 * I
E 12 T u
O LD
x © 1
e B i A
0 Saline FeCl, Deff LA LA+ LA+

# Indicates significant difference from LA exposed rats (p<0.05).

80

Fe Def



4.4 Discussion

Chrysotile asbestos and silica exposures have been shown to activate the NALP3
inflammasome in mice and its activation has been found necessary to the development of
fibrosis after silica exposure (Dostettal., 2008). It is not known if physicochemically
distinct asbestos materials, such as LA might induce inflammation throtigatian of
inflammasome complex. LA exposures have been associated with dose depenei@segsncr
in asbestosis among Libby, Montana residents (Sullivan, 2007, Moolgaivdtgr2010). In
this study we examined the ability of LA to induce the inflammasome and the siefate
available Fe in rats. Our data show that, like other asbestos materiagpbsure is
associated with increases in expression of genes related to the inflamenzbmay that
that is associated with inflammatory response. Furthermore, Fe loadiAgdahinished
the induction of many of these inflammasome associated genes and #gkirglammatory
response compared to LA suggesting that surface complexed Fe inhibits LA-induced
inflammatory response through diminishing inflammasome activity. Remoxallafar and
LA-bound Fe by Def increased the inflammatory response induced by LA in the absence of
increased expression of key inflammasome genes and therefore may enflameeation
through an inflammasome independent mechanism. Previous studies have demonstrated that
the activation of the NALP3 inflammasome was dependent on two modes of activation 1)
internalization of fibers into a phagolysome complex and increases in cathegsih2 the
production of reactive oxygen species by NADPH oxidase (Daetalrt 2008). Our data
supports these studies, because LA was able to induce cathepsin B mRNA expnelssion a

our other studies have demonstrated an internalization of LA in alveolar macrephage
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Further analysis is required to demonstrate the activation of NADPH oxiaddsts @ossible
contribution to inflammasome activity.

The inflammasome once activated controls the inflammatory cascadelthroug
directing cleavage of pro-IL-f and pro-IL-18. LA however only was shown to induce IL-1
B but did not alter IL-18 expression. IL-18 is known to activate natural killer aedsT
cells causing a release of interferpithereby initiating an immune response to pathogens.
Specifically, IL-13 has demonstrated a role in the fibrosis response to asbestos exposure and
is a well known inflammatory cytokine (Lindroesal., 1997, Zhangt al., 1993, Klineet
al., 1993). This study does not examine the mechanism regulatirydhelIL-18
transcription; however transcriptional activation of IBi% postulated to be mediated via
activation of NADPH oxidase-mediated ROS generation and activationxd® Bignaling.

LA specifically increased only in IL-f leading to an inflammatory response not genes
related to a specific immune response such as IL-18 or interferon-

Interestingly loading LA with Fe significantly diminished gene espion of many
inflammasome markers. This leads us to postulate that catalyticallgldeaikllular Fe
inhibits inflammasome activation. Thus, it is likely that in the absence otyeamiilable
catalytically active Fe, the Fe binding sites on LA might promote theval of tightly
bound Fe from endogenous proteins rendering them more active leading to furthepactivat
of the inflammasome. Since fibers are readily internalized by alveotabptegesn vivo
we do not believe the loading of Fe decreases the ability of fibers to be engulfed b
macrophage but decreases its ability to signal once engulfed through complexiggnenso
Fe. Treatment of LA with Def further induced the expression of many macropytagaes

compared to LA and Fe loaded LA. These findings support the conclusion that Deétrea
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of LA enhances inflammation via an inflammasome independent pathway. This
inflammasome independent pathway may be related to increased recruitmecthatid@
of alveolar macrophages to the site of exposure. The increased removal of peofieim
coordination sites by Def treatment may signal for this enhanced inflamneatbinyflux.
Further study into exactly how removal of Fe from LA by Def increasgammatory cell
recruitment required.

Due to the LA sample being a mixture of winchite, richerite, and tremoliteame
not determine which fiber type is causing inflammasome activation. Fgttioyr would
require assessing each individual fiber’s ability to induce the inflamnmeasémother
deficiency in this study is that the whole tissue potion of the lungs were homogemized a
assessed for inflammasome mMRNA expression changes. This could be dilutiggahesi
epithelial cells have yet to demonstrate inflammasome activity asrsaeecrophages (Cruz
et al., 2007, Hornungt al., 2008). The next step to this study would be to isolate primary
alveolar macrophages and analyze gene expression changes in responsexjooiiee and
the role of surface available Fe. It is necessary to substantiate gensiexpaaalysis by
assessing inflammasome specific protein levels after LA exposdrina role of Fe in
modulating their activity. Our previous study (Chapter 3) determined that botarchi
epithelial cells exposed to LA exhibited similar modulations in inflammatsponse as
seen in our current analysis of the inflammasome. This supports the abilityoohlker the
inflammatory response in both cell types however the mechanism governiagtfeess is
not clearly understood. The ability of epithelial cells to possibly activatafiaenmasome
as well as other general mechanisms by which cells activate an irdtanymesponse

requires further study.
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Overall our data supports the conclusion that LA like other asbestos fibers is abl
induce the NALP3 inflammasome and cause a specific induction offILThis increase in
IL-1 B may contribute to the inflammation after exposure and may influence asbestosi
development. Fe loading of LA was found to diminish the activity of the inflammasome.
Def enhancement of LA-induced inflammation may be through an inflammasome
independent mechanism or through the regulation of a different set of inflamengsoss
since LA plus Def did not further enhance the transcription of NALP3 genes. Ches to t
relatively short length of the LA sample it is possible that these fdvermore readily
engulfed and therefore activate the inflammasome more readily whilelatiger fibers may
activate the inflammasome primarily through ROS generation not mediatedphage fiber

uptake.
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CHAPTER 5. THE ROLE OF CARDIOVASCULAR DISEASE-ASSOCIATED IR ON
OVERLOAD IN LIBBY AMPHIBOLE-INDUCED PULMONARY INJURY AND
INFLAMMATION

5.1 Introduction

Asbestos exposure in general is known to cause pulmonary toxicity leading to a
variety of diseases including asbestosis, mesothelioma, and lung cancers avithe
residents in the town of Libby, Montana have increased incidences of asbests-rel
diseases, such as asbestosis and mesothelioma, associated with occupdtmmnal a
environmental exposure to amphibole contamination from a major vermiculite neipeng
et al. 2003, Sullivan 2007). The Libby amphiboles (LA) are a mixture of winchite, richterite,
tremolite, and other minerals in prismatic, acicular, and asbestiform morpF(dMekeet
al. 2003). Because physicochemically diverse fibers can induce various disahsesying
potencies, toxicological studies have begun focusing on how the LA fiber mix raigd c
toxicity differently than fibers that have been studied for decades (Petrehm2008
(Duncanet al. 2010).

Toxicity due to inhalation of asbestos fibers has been linked to the production of
reactive oxygen species (ROS) both directly by the fibers and indirectigtivation of
inflammatory cells (Sanchex al. 2009). ROS cause cellular damage through oxidation of
lipids, proteins, and DNA. This damage leads to activation of cell signaling patlandy
transcription factors that can cause a variety of alterations in geressixpr related to

antioxidants, apoptosis, cytokines, growth factors, and stress response (Katmmaiei



1999) The inability to clear fibers, such as amphiboles, resulting in their bisfearse
causes the lung to exist in a state of chronic oxidative stress and inflamchagi to the
prolonged activation of inflammatory cells and the generation of ROS.

Fe has a considerable role in the production of ROS by asbestos fibers. Itrhas bee
postulated that Fe associated with the surface of fibers has the abilipptortsgenton
reactions using reducing equivalents, such as airway lining ascorleagitlyenerating
ROS (Ghioet al. 2008). Furthermore, modulation of the amount of Fe on the surface of the
fiber alters ROS production and consequently the toxicity of fibers (Gaezah@®007a).
Chelation of Fe reduces the generation of ROS upon exposure to agbettogKamp et
al. 1995a) andn vivo (Kampet al. 1995b). Asbestos binds endogenous chelatabile e
upon deposition into the airways (Ghio, Churg & Roggli 2004). Once associated with the
fiber, this additional Fe from the host may augment toxicity by potergi&0OS production
(Ghioet al. 2006). Thus, it is likely that bioavailable host Fe can modify the toxicity of
asbestos fibers.

Under oxidative stress, cellular Fe is generated by HO-1 catalyzedidtgnaof
heme (Raval, Lee 2010). This process is known to transcriptionally actiwatiecgon of
ferritin, an intracellular Fe binding protein which is highly critical in regualy cellular
oxidative stress and a number of cellular processes catalyzed by Fe, hwchdwity of
mitochondrial aconitase (Gozzelino, Jeney & Soares 2010). Systemically Eedtasis is
maintained by a high abundant extracellular Fe transport protein, tram¢kalrel, Belovari
& Drenjancevic-Peric 2008). A number of cell membrane Fe and metal trans@oeer
involved in tightly regulating levels of chelatable non-heme Fe (Anderadpe\2009). In

many chronic diseases the regulation of Fe homeostasis is disruptedalbsipeci
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cardiovascular (CVD), where hemoglobin is vulnerable to degradation by constant shee
stress on peripheral vessels (Yasuda, Funakubo & Fukui 2002). In chronic conditions,
individuals with CVD exhibit systemic tissue Fe-overload, including the IKngsgewski
2004, Ellerviket al. 2010, Xieet al. 2008). Underlying oxidative stress and a dysregulation
of Fe homeostasis lead to increased systemic non-heme Fe level®#akis2004). Due to
the essential role of Fe in catalytic activity of a many proteins it silpeghat the disruption
of Fe homeostasis by its binding to asbestos fibers over time increases thegyyltaxicity
more readily in those having Fe-overload.

We have recently characterized dysregulation of pulmonary Fe homeastags i
rat models of human cardiovascular diseases; the spontaneously hypertddsamd(Se
spontaneously hypertensive heart failure (SHHF) (Shanret@n2010). As with human
CVD, these rat models, (SHHF>SH) have greater transcriptional tamtivad lung ferritin at
MRNA and protein level together with increased HO-1 relative to healhyAlso
associated with these complications SH and SHHF exhibit an increase ircchroni
inflammation, lower antioxidant levels and oxidative stress in their lungs dineaséen
compared to healthy Wistar Kyoto (WKY) rats (Shannadtaah. 2010). Attributable to the
ability of asbestos to complex host-tissue Fe, we believe that SH and SHKR heitent
Fe-overload are appropriate for investigating the role of Fe in pulmonary agusgd by
fibers. We hypothesized that SH and SHHF rats will exhibit greater and pedlduntg
injury and inflammation upon exposure to LA, relative to healthy WKY rats, due to their
preexistent dysregulation of Fe homeostasis. To address this hypothesis, veel &BdS
SH, SHHF to LA and examined changes in biomarkers associated with Fe hommgeostas

inflammation, and oxidative stress.
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5.2 Materials and Methods

Libby Amphibole. The Libby amphibole (LA) sample was collected from the Rainy Creek
Complex near Libby, Montana in 2007 by the United States Geological Survey and wa
processed to produce inhalable material by Meekalr, as indicated earlier (Meeker et al.
2003). The sample was further size fractionated by water elutriation abddgmeviously
(Webberet al. 2008) in order to isolate a rat respirable fraction {fMsing a settling

velocity of 3.4 x 10 cm s*. Transmission Electron Microscopy showed 97.8% (135/138) of
elutriated fibers had aspect ratio$ consistent with the composition of LA obtained from
the 2000 sample (Meeketral. 2003,Webbeet al. 2008) and with the composition of LA
obtained from the Pl elutriated fraction of the 2000 collection (Lowers and Bern, 2009).
Fiber dimensions, as determined using transmission microscopy of the elutAa2€©07
sample were: mean length 488 + 4.53 and width 0.28n + 0.19; median length =

3.59um, width = 0.23m with upper and lower values of length being Qrf2- 27.3@m

and width 0.0gm — 1.15m. The estimated fiber count for 1 mg LA sample was 21&x 10
In comparison to the elutriated LA 2007 sample used in the present study air Saomples
Libby Montana have been shown to contain fibers having a mean length pn7+63.40

and width 0.5m + 0.46, and median length br® and width 0.3@m with upper and lower
values of length being Qubn — 19%um and width 0.0im — 1Qum; with an aspect ratio of

5 (U.S. EPA 2010). The median fiber length being smaller than the mean length stiggjest

there are likely a larger proportion of fibers that are smaller than the levegth.

Animals. Male, 11-12veek old, healthy WKY, and SH and obese SHHF rats were

purchased from Charles River Laboratories, Raleigh, NC. All rats weneainad in an
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isolated animal room in an Association for Assessment and Accreditation obtalyor
Animal Care (AALAC) approved animal facility at 21 +/- 1°C, 50 +/- 5% relative Hini
and 12 h light/dark cycle. Rats were housed (2/cage) in polycarbonate cagesntph&ta
chip bedding. Animals received standard (5001) Purina rat chow (Brentwood, MO) and
waterad libitum. The U.S. EPA NHEERL Institutional Animal Care and Use Committee

(IACUC) approved the protocol.

Intratracheal Instillation of Libby Amphibole. Since the rat respirable sample of LA was
prepared using the water elutriation method, a uniform saline suspension of LA for
intratracheal instillation was achieved by vortexing followed by watkr $i@nication for 15
min. The suspension was vortexed prior to each instillation to ensure that fibers didenot se
at the bottom of the tube. In order to ensure the fibers did not interact with argidaiblo
molecules or chemical dispersants of the media prior to landing on the ainfenesure
decided not to use a biological dispersion media or any other chemicals formyepari
instillate. Rats (WKY n=12/time point; SH n=6/time point; SHHF n=6/time pouetre
anesthetized with isoflurane and intratracheally instilled with 8G@line containing either
0, 0.25, or 1.0 mg of LA as described previously (Wallenlgbah. 2009). The
concentrations selected although high were, in general, consistent withtiostsladies
using other fiber types (Adamson, Bakowska 2001, Hirano, Ono & Aimoto 1988). Doses
were chosen to assure a response in the lung upon instillation allowing for a coraparati
analysis between strains. Theoretically, a rat will deposit 0.07 mg of filueing 6 hour
inhalation at 10mg/fbased on the assumption that minute volume is 200ml and the

deposition fraction to pulmonary region is 0.10. Intratracheal instillation enswered t
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delivery of exact concentrations of LA into the lung and allowed us to control foy likel
strain-related deposition differences due to their variation in breathiaghpters

(Shannahast al., 2010). In our previous study approximately 30% of WKY presented with
non-pathogenic cardiac hypertrophy (Shannadah 2010). Therefore WKY group size

was increased (n=12) to eliminate the data from those with hypertrophis (resart weight

> 1.3g; normal heart weight ~1g) and still maintain appropriate group sizetsfistical

comparisons.

Necropsy, Sample Collection, and Analysis. Rats were weighed (WKY 280 + 3.469g, SH 283
+ 3.43g, and SHHF 432 + 4.94g (Values mean weight + S.E.)) and anesthetized with an
overdose of sodium pentobarbital (Virbac AH, Inc., Fort Worth, TX; 50-100 mg/kg, ip) 1
day, 1 week, or 1 month following instillation of LA. Blood was collected though the
abdominal aorta into blood collection tubes, which were used for a different study. Blood
was then removed from the vasculature of the lung by perfusio”dMEA" free phosphate
buffered saline (PBS) via the pulmonary artery to avoid interference in dayaianal
involving Fe-binding proteins and capacities.

The trachea was then cannulated and the left lung lobe tied off. The right lung lobes
were lavaged with G&Mg** free PBS (pH 7.4, at 37°C) equal to 35 ml/kg body weight
(representing total lung capacity) x 0.6 (right lung capacity being 60&tadfiing capacity).
The lavage volume was normalized for SHHF to WKY rats based on the assumiitibe tha
lung growth and thus, volumes remained similar at a given age despite thg-wlkesied
increase in body mass of SHHF rats. The lung lobes were lavaged threwitimié® same

PBS aliquotThe right lung lobes were then removed, placed in liquid nitrogen, and stored at
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-80°C for later analysis. The left lung was fixed at 40% of its total cagagitystillation of
10% neutral buffered formalin through the trachea and stored in 10% formali@ aindil

processed for histopathology.

Cell Differential and Bronchoalveolar Lavage Fluid (BALF) Analysis. Aliquots of BALF
were taken for total cell counts (Coulter Inc., Miami, FL, USA), céledentials, and
analyses of lung injury markers. Cell differentials were conducted mg@lgtpreparation
(Shandon, Pittsburgh, PA), and slides were stained with LeukoStat (Fisheifi§ ¢t
Pittsburgh, PA). Macrophages and neutrophils were counted under light microscopy and
guantified based on total cell count. The remaining cell free BALF was ¢edlica the
following: total protein (Coomassie plus Protein Assay Kit, Pierce, RodkfL), albumin
(DiaSorin, Stillwater, MN), lactate dehydrogenase (LDH) actigityermo Fischer
Diagnostics, Middletown, VA), N-acet@-D-glucosaminidase (NAG) activity (Roche
Diagnostics, Indianapolis INy;glutamyl transferase (GGT) activity (Thermo Fischer
Diagnostics), and the Fe-binding proteins, ferritin (Kamiya Biomedicaifgamy, Seattle,
WA) and transferrin (Trf) (DiaSorin, Stillwater, MN). Total Fe-bindoapacity (TIBC) was
calculated by adding the unsaturated Fe-binding capacity (UIBC)qWi&say, Genzyme
Diagnostics, Charlottetown, Prince Edward Island, Canada) and the non-heneeure F8-
SL Assay, Genzyme Diagnostics). All assays were adapted for BAdlifsés and ran using
the Konelab Arena 30 clinical analyzer (Thermo Chemical Lab SystespspE-inland).
Data were normalized to volume of BALF.

One aliquot of BALF was mixed with an equal volume of 6% perchloric acid and

ascorbate was measured by HPLC (C-18 Bondpack column, Millipore Waters
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Chromatography, Milford, MA) using amperometric electrochemical dete¢Bioanalytical
Systems, W. Layfayette, IN). Total glutathione levels were medsisiag 5,5,9-
dithiobis(2-nitro-benzoic) acid-glutathione disulfide reductase recyelasgy via the

Konelab clinical analyzer (Anderson 1985).

Lung Tissue Analysis. Ascorbate and glutathione levels were measured in the caudal lung
lobes. Individual samples were homogenized in 3% perchloric acid, and supenvatants
analyzed for ascorbate and glutathione as described above. Caudal lung lebes wer
homogenized in Tris-HCI buffer (pH 7.4) with protease inhibitors present. The individua
samples were then centrifuged (14000 g) for 20 nfilCjdand the supernatant stored at -
80° C. The supernatant was used to determine total protein content, ferritin, Trf,men-he
Fe, total Fe binding capacity (TIBC), and unsaturated Fe-binding cafatit{) as stated

above. Data were normalized to total protein content of tissues.

RNA Isolation and Real-Time Quntitative PCR. Total RNA was isolated from caudal lung
lobes frozen in liquid nitrogen using RNeasy mini kit (Qiagen, Valencia, CA). s@peRT-
PCR was carried out using Platinum Quantitative RT-PCR ThermoScripttep&gstem
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions (Shaneadiag010).
PCR was performed for 18S ribosomal RNA (Control), macrophage inflammatoeynprot
(MIP-2), heme-oxygenase-1 (HO-1), transferrin (Trf), ferritin ligraiohFLC), ferritin
heavy chain (FHC), and divalent metal transporter-1 (DMT-1). Primetedese mRNA

were purchased from Applied Biosystems, Inc. (Foster City, CA). RelaiddenRNA
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expression was calculated for SH and SHHF rats considering the salineceXpky’ values

as control.

Lung Histopathology. The right lung lobe was trimmed, embedded in paraffin, sectioned to a
thickness of approximately 3 microns (transverse), and stained with henraemg/leosin

(H&E). The lung lesions were evaluated with particular attention to the lesiomlogae,
bronchi, terminal bronchi, alveolar duct, alveoli, interstiteum, centriacinemsgleura).

The morphological evaluation took into consideration the characteristics of each
inflammatory cellular component, i.e., polymorphonuclear cells, macrophéagesis,
microgranulomas, as well as changes in the alveolar epithehlistopathological changes
were scored using semiquantitative grading at five levels (0 = notrsatinimal; 2 = mild;

3 = moderate; 4 = severe) taking into consideration the degree of severitye ayolet of

lesion (Shackelforét al. 2002, Nyskaet al. 2005).

Satistical Analysis. Data are expressed as mea8.E. (WKY, n = 8-12/ treatment group;
SH, n = 6/ treatment group; SHHF, n = 6/ treatment group). Sigma Stat versi@ys3di (
Software, Inc., Point Richmond, C.A.) was used to determine statistical ceonsavia a
two-way analysis of variance with strain and exposure as factors folloyvagost-hoc
comparison using the Holm-Sidak method. Statistical significance wasietd when p

was found to be less than or equal to 0.05 between treatment groups and strains.
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5.3 Results

5.3.1 Pulmonary Inflammation, and Injury

In order to quantify inflammation and injury response following LA exposure and to
determine the baseline strain differences, BALF samples were addbyzvarious
biomarkers. Baseline levels (saline control) of BALF protein were sgnifly higher in SH
and SHHF when compared to WKY (SHHF>SH>WKY) (Figure 5.1), consistent with our
previous study (Shannahatal. 2010). Surprisingly, at 1 day post-exposure no increases in
BALF protein occurred in WKY or SH while SHHF rats exposed to LA demonstrated
marked variability and decreases compared to strain matched control. Blg, IonlgeSH
rats (with moderate baseline increase in protein relative to WKY) exposédsiodwed
concentration-dependent increases in total protein which persisted to 1 montheRé¢has
already very high levels at baseline, the LA-induced changes in BALF proteinvfeek and
one month were not distinguishable in SHHF rats. Albumin levels were consigtetiie
trends demonstrated by total protein at all time points. GGT activity waficagtly
increased in a concentration-dependent manner and regardless of proteiim [B¥¢lE in
all strains at 1 day; however, the changes in LA-exposed WKY were sagiifigreater
when compared to LA-exposed SH and SHHF rats at 1 day and 1 week (Figure 5.1). At1l
week through 1 month, GGT activity still remained significantly elelafeer 1 mg LA
exposure in all strains, but the magnitude of effect decreased in a time-depaadeer.
Concentration-dependent increases in LDH activity were observed atribdeseel in all
strains at 1 day (Figure 5.1). At 1 week and continuing to 1 month, LDH activitynesna
elevated in all strains; however, the increase was more pronounced in SHHFowipamed

WKY. NAG activity, a marker of phagocyte activation increased in a coratemt-
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dependent manner after LA exposure in all three strains at 1 day and 1 week with no
remarkable strain differences and had returned to baseline by 1 month (Figuregsgile D
markedly higher baseline BALF protein in SH and SHHF, the baseline levelsef the
enzyme markers in most instances were comparable between strains.

All strains exhibited robust neutrophilic influx in response to LA exposure at 1 day
(Figure 5.2). Interestingly, SHHF exposed to 1 mg LA had a significarebtey number of
neutrophils in their BALF compared to WKY receiving the same dose (SHHF>SH3WKY
Although to a lesser extent than the 1 day time point, neutrophil increases pems&ted i
and SHHF rats at 1 week and 1 month (SH>SHHF). However, in the case of WKY, the
initial robust increase in neutrophils at 1 day was largely reversed bgKkL we WKY,
numbers of lavageable macrophages decreased at 1 day and 1 month in response to LA.
BALF macrophages also decreased in SH and SHHF at 1 day, but this effectswas les
remarkable than the effect in WKY. SH and SHHF exposed to 1 mg LA at 1 week had
greater numbers of macrophages than controls when compared to dose-matched WKY. This
increase in macrophages persisted only in SH through 1 month. The value of i®tal cel

each of the three strains reflected changes in macrophages and neutroph#s.toget

5.3.2 Fe-Binding Proteins and Capacities in BALF

One of the objectives of this study was to evaluate potential straindreifferences
in non-heme Fe pool in response to acute LA exposure. Therefore, BALF and also lung
tissue levels of ferritin and transferrin (Trf) at both the protein and tratiscral level, and
Fe-binding capacities were analyzed. As we have noted in our previous study, line base
(controls) BALF levels of ferritin and Trf were highly elevated in SH aH&i5 when

compared to WKY. BALF ferritin protein levels were found to be significandyated only
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in SH and SHHF exposed to LA in a concentration-dependent manner through 1 month
(Figure 5.3). At 1 week and 1 month, SH, but not WKY or SHHF exposed to 1 mg LA,
showed increases in BALF Trf relative to strain matched controls. Treases in Trf

might reflect greater vascular protein leakage, as demonstratefiLiy@otein leakage,
since circulating levels of Trf, unlike ferritin, are high as it serves@msjor systemic Fe
transporter protein (Anderson, Vulpe 2009, Gétial. 1998).

The BALF levels of non-heme Fe, as in the case of ferritin and Trf, were also
significantly elevated at baseline (saline controls) in both SH and SHHF whgrared to
WKY. Non-heme Fe increased only in SH, but not in WKY or SHHF rats, in a
concentration-dependent manner at 1 day and 1 week time points (Figure 5.3) which is
associated with increases in vascular protein leakage. The non-heme Fd datath was
highly variable within and between groups and inconsistent with other time points. We
presumed that determination of airway lining Fe-binding capacity migiw alhe to
understand the role of Fe movement between BALF Fe-binding proteins and inhaled fibers
We determined unsaturated and saturated (total) Fe-binding capaciti€s bdBTIBC) in
BALF. Although the levels appeared to be high in SH and SHHF, no significant baseline
strain differences existed in UIBC in the present study (Figure 5.3).sTidike our
previous study where SH and SHHF rats had increased unsaturated Fe-bindingsapaci
BALF (Shannahaset al. 2010). The changes in BALF UIBC due to LA exposure were small
and showed an increase which was significant only in WKY at one month when compared to
WKY saline control. In general, TIBC was found to be elevated in control Sidkpared
to control WKY (Figure 5.3). LA exposure did not alter TIBC at any time point in any

strain.
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5.3.3 Lung Expression of mMRNA Markers of Fe Homeostasis, Oxidative Stress)d

Inflammation

To understand the relationship between LA-induced pulmonary injury/inflammation
and Fe homeostasis, we determined transcriptional levels of genes thaerkgula
catabolism, Fe transport, Fe storage, oxidative stress and inflammationgrpaged to
saline or LA. As expected, the baseline expression of MIP-2 (a potent neutrophil
chemoattractant), and HO-1 (a marker of oxidative stress) were maetediyed in SH and
SHHF relative to WKY, which supports the baseline differences in neutrophiberinfation
between the three strains. Surprisingly, only WKY increased MIP-2 in a cornimentra
dependent manner at 1 day in response to LA, despite neutrophilic inflammation being
similar in all three strains at 1 day and persistent in SH and SHHF up to 1 month (Figure
5.4). No exposure-related induction of HO-1 expression was noted at 1 day in any of the
strains; on the contrary, its expression was decreased from already highebagelA-
exposure in SHHF (Figure 5.4). At 1 week after 1 mg LA exposure, HO-1 expression wa
increased only in the SH rats. Because ferritin protein is made of a fegfiticthain (FLC)
and a ferritin heavy chain (FHC), each possessing different kinetic prépebinding Fe,
we determined transcriptional activation of both these subunits. FHC at all tine aod
FLC mRNA at 1 day and 1 week demonstrated no consistent strain-relatedebasel
differences (saline controls), however, at 1 month the expression of FLC in SH Hikd SH
was greatly enhanced at baseline relative to WKY. These baseliragiaitte suggest a
disease associated progression in FLC expression. FLC mRNA was not infieced a
exposure in any strains at 1 day or 1 week, except for a small but signifszaim 8HHF at

0.25 mg LA dose. However at 1 month its expression increased in WKY as well as SH at
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high concentration of LA. Surprisingly, SHHF showed a significant declirts expression
from already increased baseline, suggesting that less compromisethieldréhe capacity

to sustain LA-induced FLC expression while highly compromised SHHF, lost thtg.abi
FHC mRNA expression was elevated in a concentration-dependent manner in onyFAn SH
at 1 day but not at later time points. No consistent strain or exposure-relatezhddter

were noted in Trf or divalent metal transporter-1 (DMT-1).

5.3.4 Fe-Binding Proteins and Capacities in Lung Tissue

Lung ferritin protein also exhibited strain related differences atibase
(SHHF>SH>WKY), which were unchanged 1 day after exposure to LA. At 1 week,
however, only SH rats exposed to 1 mg LA had increased ferritin protein in lung tissue
compared to saline controls (Figure 5.5). At 1 month no changes in ferritin levels we
observed due to exposure in any strain. Lung Trf protein levels were §ehaghaér at
baseline in SH and SHHF rats. LA exposure did not affect Trf protein in the luny &ine
in WKY and SHHF but resulted in a concentration-dependent increase at 1 day is SH rat
(Figure 5.5). No major alterations were seen in lung tissue levels of nonfHeme
unsaturated Fe-binding capacity (UIBC), or total Fe-binding capaciBQ)T{data not

shown).

5.3.5 Antioxidant Levels in BALF and Lung Tissue

Alveolar Fe homeostasis and oxidative stress will likely be influengeshtioxidants
such as ascorbate and glutathione in BALF and lung tid3aseline ascorbate levels in
BALF were generally lower in SH and SHHF when compared to WKY (Figure $i4)

and to some extent WKY and SHHF, exposed to 0.25 mg of LA at all time points exhibited a
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general decrease in BALF ascorbate when compared to their salinds;dmtwvever, most

of these changes were insignificant except in SH at 1 day. There weedmaarkations in

the baseline levels of lung tissue ascorbate between all three stiedch ditme point.
Ascorbate in the lung tissue of SH was decreased due to exposure at 1 day, whismVKY
SHHF demonstrate no marked changes. At 1 week lung tissue ascorbate leveleveted

in WKY in response to 0.25 mg LA exposure but unchanged in both SH and SHHF. WKY
lung tissue ascorbate levels returned to baseline by 1 month while SHretihsteated
decreases after exposure. BALF glutathione levels were undetectalblsraias, while

lung levels of glutathione were not found to be different between strains ahbasdi

remained unaltered due to LA exposure in all animal models (Figure 5.6).

5.3.6 Lung Histopathology

Although the strain related differences in specific biomarkers in lung ané BA&re
apparent, pathologically the LA-induced lesion severity differences could tiogdished
between strains. Marked histological alterations were noted in all thaggsstr time- and
concentration-related manner following LA exposure (Table 5.1). At 1 dayfdbs tf
lesion characterized by acute alveolar neutrophilic inflammation and cell ingre LA
concentration-dependent. The distribution of inflammatory foci in the lungs at lagay w
centriacinar but multifocal, and generally consisted of neutrophilic infleoceested with
macrophages present within the lumen of the terminal bronchiole, alveolar duct, andtadjace
alveoli (Figure 5.7 A, B and C). These changes were associated withahaheolar
hyperplasia, in which the lining alveolar epithelium tended to be cuboidal instead of
flattened. No incidences of interstitial fibrosis were observed at Indayyi strain at either

dose. However, at 1 week and at 1 month as shown in Figure 5.7 E and F, all animals
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developed multifocal interstitial fibrosis and alveolar hyperplasia in a otnat®n-

dependent manner (Table 5.1 and Figure 5.7 D, E and F). By 1 month neutrophil-like cells
were not readily apparent while macrophages persisted within alveoli andtiaotarst

(Figure 5.7). In few rats receiving 1 mg of LA focal granuloma-like féionavas noted at

this time. The severity scores and incidence for each of these pathologices$ iadk given

in Table 5.1.
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Figure 5.1
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Figure 5.1. Temporal changes in BALF protein, albumin, and LDH, NAG and GGT
activities in WKY, SH and SHHF rats following intratracheal insiiatitof saline (control),
0.25 mg LA, or 1 mg LA. Values are mean + SE (WKY, n =8-12/group; SH and SHHF, n =

6/group). * Indicates significant difference within strain in respect taesalntrols
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(p<0.05). # Indicates significant difference from WKY at the same exposure c@ticent

(p<0.05).
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Figure 5.2
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Figure 5.2. Alterations in inflammatory cells (total cells, macrophage neutrophils) in
BALF of WKY, SH, and SHHF instilled with saline (control), 0.25 mg LA, or 1 mg LA.
Values are mean = SE (WKY, n =8-12/group; SH and SHHF, n = 6/group). * Indicates
significant difference within strain in respect to saline controls (p<0.05). ¢altedi

significant difference from WKY at the same exposure concentration (p<0.05)
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Figure 5.3
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Figure 5.3. Time-related changes in markers of Fe homeostasis in thedAUKY, SH,
and SHHF intratracheally exposed to saline (control), 0.25 mg LA, or 1 mg LA.tUdstsal

Fe-binding capacity (UIBC) is a measurement of the capacity of Bdinfijponents to bind
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catalytically active Fe. TIBC (total Fe-binding capacity), auaked value (UIBC + non-

heme Fe), is a measurement of all the Fe currently bound to BALF components. ¥alues a
mean + SE (WKY, n =8-12/group; SH and SHHF, n = 6/group). *Indicates significant
difference within strain in respect to saline controls (p<0.05). # Indicgei$icant

difference from WKY at the same exposure concentration (p<0.05).
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Figure 5.4
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Figure 5.4. Relative mRNA expressions for markers of inflammation, Fe htassosnd

oxidative stress in the lungs of WKY, SH, and SHHF rats exposed to saline (control), 0.25
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mg LA, or 1 mg LA. Real-time reverse transcriptase PCR was used fgsianaviP-2
(Macrophage Inflammatory Protein-2), HO-1 (Heme Oxygenase-1), fah¢ferrin), FLC
(Ferritin Light Chain), FHC (Ferritin Heavy Chain), and DMT1 (Dival®tgtal Transporter
1). Values are mean + SE (n = 6/group). * Indicates significant differencensitiain in
respect to saline controls (p<0.05). # Indicates significant difference froivi &/ke same

exposure concentration (p<0.05).
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Figure 5.5
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Figure 5.5Temporal changes in ferritin and transferrin in the lung tissue of WKY, SH, and

SHHF rats following single intratracheal instillation of saline (oalit0.25 mg LA, or 1 mg

8-12/group; SH and SHHF, n = 6/group). * Indicates significaférmihce

LA. (WKY, n
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within strain in respect to saline controls (p<0.05). # Indicates significdetetite from

WKY at the same exposure concentration (p<0.05).
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Figure 5.6
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Figure 5.6.BALF and Lung tissue glutathione and ascrobate in WKY, SH, and SHHF rats
exposed intratracheally to saline (control), 0.25 mg LA, or 1 mg LA. Valuesear t!S.E
(WKY, n =8-12/group; SH and SHHF, n = 6/group). *Indicates significant diffarevithin
strain in respect to saline controls (p<0.05). # Indicates significant difeefesm WKY at

the same exposure concentration (p<0.05).
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Table 5.1. Histological evaluation showing the mean severity of lesions aftepesure

to LA in WKY, SH, and SHHF rats.

Average Score of Pathology Severity
(Number of Animals Affected by Exposure)

Time Rat LA Animals/  Neutrophils =~ Macrophages Epithelial Interstitial ~ Granuloma
Point Strain Conc. group Hyperplasia Fibrosis Formation
(mg/rat)
1Day WKY 0.0 10 0.1 (1) 0.1(1) 0.1(1) 0.0 0.0
0.25 10 0.5 (4) 0.7 (6) 0.2 (2) 0.0 0.0
1.0 11 2.0 (10) 1.6 (10) 0.9 (9) 0.0 0.0
SH 0.0 6 0.0 0.0 0.0 0.0 0.0
0.25 6 1.0 (6) 1.0 (6) 1.0 (6) 0.0 0.0
1.0 6 2.0 (6) 2.0 (6) 1.0 (6) 0.0 0.0
SHHF 0.0 6 0.0 0.0 0.0 0.0 0.0
0.25 6 1.0 (6) 1.0 (6) 0.0 0.0 0.0
1.0 6 2.0 (6) 2.0 (6) 1.0 (6) 0.0 0.0
1 WKY 0.0 11 0.0 0.0 0.0 0.0 0.0
Week 0.25 10 0.0 1.0 (10) 1.0 (10) 0.0 0.0
1.0 11 1.0 (11) 2.0 (11) 2.0 (11) 1.0 (11) 0.0
SH 0.0 6 0.2 (1) 0.2(1) 0.2(1) 0.0 0.0
0.25 6 0.0 1.0 (6) 1.0 (6) 0.0 0.0
1.0 6 1.0 (6) 2.0 (6) 2.0 (6) 1.0 (6) 0.0
SHHF 0.0 6 0.0 0.0 0.0 0.0 0.0
0.25 6 0.0 1.0 (6) 1.0 (6) 0.0 0.0
1.0 6 1.0 (6) 2.0 (6) 2.0 (6) 1.0 (6) 0.0
1 WKY 0.0 8 0.0 0.3(2) 0.0 0.0 0.0
Month 0.25 8 0.0 1.0 (2) 0.0 0.0 0.0
1.0 12 0.0 2.0(12) 1.0 (12) 1.0 (11) 0.2 (2)
SH 0.0 6 0.0 0.0 0.0 0.0 0.0
0.25 6 0.0 1.0 (6) 0.0 0.0 0.0
1.0 6 0.0 2.0 (6) 1.0 (6) 1.0 (6) 0.3(2)
SHHF 0.0 6 0.0 0.0 0.0 0.0 0.0
0.25 6 0.0 0.0 0.0 0.0 0.0
1.0 6 0.0 2.0 (6) 1.0 (6) 1.0 (6) 0.2 (1)

WKY, SH, and SHHF rats exposed to saline (control) or LA (0.25 or 1.0 mg/rat) were
examined for pulmonary lesion types and the location. The number within bracket shows the
number of rats that are affected per total number of rats examined per Ghesge lesions

were classified to reflect alveolar infiltration of neutrophils and macggsalveolar

epithelial hyperplasia, and interstitial fibrosis. Note that within thne fpoints studied in the
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present experiment, no pleural thickening, inflammation or fibrosis were no®dnkevere
graded on a scale of increasing severity from 1-4 and the mean severitgrod feflect the

average score per animal.
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Figure 5.7
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Figure 5.7.Time related histological alterations in the lung following a singlairacheal
instillation of LA in WKY rats demonstrated after H & E staining. The photoogi@phs for

WKY rats 1 day and 1 month post-exposure to saline, 0.25, and 1.0 mg LA are Ahaweh.
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D: Representative histological sections of lungs from WKY rats exposedrie aall day
and 1 month, respectively. B and listological sections of lungs from WKY rats exposed
to 0.25 mg LA at 1 day and 1 month, respectively. C an#liBtological sections of lungs
from WKY rats exposed to 1.0 mg LA at 1 day and 1 month, respectively. Red arrows
denote alveolar neutrophilic influx, green arrows show intra alveolar macrophage
accumulation, blue arrows indicate alveolar hyperplasia, and black arrowstiatdiisrosis.

All images are at X 20 magnification.
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5.4 Discussion

The ROS generation and toxicity of asbestos fibers has been shown to be incyeased b
surface-complexed Fe and also by binding of tissue-associated Fe éKampO95b,
Governaet al. 1999, Gazzanet al. 2007b). In this study, we postulated that genetically-
predisposed rat models with CVD-associated pulmonary Fe-overload would shaev great
pulmonary injury and inflammation following LA exposure when compared to healthy WK
rats due to increased availability of endogenous Fe to complex with LA. Wihigé ini
inflammatory response to LA was only slightly exacerbated in SHHFowel that there
was a greater persistency of inflammation in SH and SHHF relative to.VWK¥ was
associated with changes in Fe homeostasis biomarkers with a geneadénicr Fe binding
proteins only in SH and SHHF rats suggesting that more readily avalaihdgenous
protein-complexed Fe might be released over time to bind LA fibers thus, causing
persistency in inflammation. The formation of ferruginous-bodies over asbésosif
known to occur with persistent inflammation over a long period of time in humanséiGhio
al., 2003).

MIP-2, which is a major neutrophil chemotectic factor in rats (Sreaatt 2010), has
been shown to be increased in epithelial and mesotheliairgitso, and in the pleural
lavage of F344 rats following asbestos exposure @él., 2003; Driscolkt al., 1998).

WKY were able to mount an acute and largely reversible inflammatory respons
(neutrophilic influx) with the reversible induction of MIP-2 mRNA, which was assed
with activation of alveolar macrophages (increased NAG activity in BAlHlowever, SH
and SHHF, despite their initial robust neutrophilic inflammation at 1 day, did notemdgsi

increase expression of MIP-2. Antioxidant deficiency in alveolar lining nieghtlt in earlier
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MIP-2 induction in SH and SHHF rats. Ascorbate, a key antioxidant of airway lining@nd th
first line of defense, was lower at baseline in SH and SHHF and not increasedplldw
exposure when compared to WKY. Early initial oxidant stress might have adylyP-2
expression prior to 1-day in SH and SHHF while it was delayed in WKY due to avajlabili
of sufficient ascorbate in the airway lining. Our subsequent studies have showroimadéict
MIP-2 at 4 hours in SH rats following LA exposure (Shannadah, 2011a).

Exposure to asbestos has been shown to cause acute pulmonary inflammation
following intratracheal instillation and inhalation exposure in animals and has bee
postulated to contribute to chronic diseases (Dostatt 2008, Fattmaset al. 2006). The
predominance of neutrophilic inflammation acutely after LA exposurepeated based on
the physicochemical nature of inhaled fibers as observed in earlier Sfodiramet al.

2008, Dorgeet al. 2002). In the present study however, the mechanisms mediating this
inflammatory response was likely different between healthy and Fe-oded@V/D models
because only WKY transiently increased MIP-2 mRNA in response to LA exposudawt
while only SH and SHHF demonstrated changes in Fe regulatory proteins. The abservat
that neutrophilic influx was more persistent in SH and SHHF compared to WKYezk{mos
LA suggests that they may be more sensitive to developing chronic activenaftam
associated with lung disease.

Biomarkers of Fe homeostasis were significantly elevated at haseld also
changed in response to LA in only in SH and SHHF relative to WKY. Specifically, the
expression of FHC, which is considered important in sequestering Fe during acute
inflammation/injury (Koorts and Viljoen 2007) was induced only acutely and only in SHHF

rats in an LA concentration-dependent manner which was accompanied lag&scire
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BALF ferritin. FLC, which is known to be induced with chronic Fe-overload, was increased
later in SH and SHHF at baseline consistent with its role in long-termrmgdlammation.
However, unlike SH and WKY, the inability of SHHF to transcribe FLC in respanisa &t
1 month when baseline expression is already very high, suggests that magd-sever
overload might impair their ability to further increase ferritin which ea lto increases in
the availability of catalytically active Fe and thus, might contributdatorgc inflammation
and injury following LA exposure. Increases in BALF ferritin wereoaggted with an
increased non-heme Fe and Trf in SHHF at baseline and also following LAuexpbkese
data further support the hypothesis that increased mobility of endogenous H&s fpontein-
bound form in rat models of CVD-associated Fe-overload and their inability to mainta
normal Fe homeostasis likely contribute to persistent inflammation and leatezer
pulmonary disease.

Heme oxygenase-1 (HO-1) is an inducible enzyme which catabolizes hemdileto la
Fe, carbon monoxide, and biliverdin (Driscoll et al. 1998, Gozzelino, Jeney & Soares 2010).
The labile Fe released from HO-1 induces ferritin production, which binds andB¢ores
thereby reducing oxidative stress and thus plays an important role in the antioasgemise
to Fe-mediated ROS generation. The regulation of HO-1 as well as its othestidzam
effects lacks sufficient study. However, it is thought that induction of HO-1 mhipbasic,
peaking rapidly initially after exposure and then again induced months after. dtudyy
only SH rats exposed to LA were able to induce HO-1 mRNA expression at 1 weék whic
accompanied elevations in BALF and lung ferritin protein but not mRNA suggeiséing t
transcriptional activation might have occurred in the course of 1 week. Thesedrea

baseline expression of HO-1 coincided with high baseline levels of fermtiaiprand
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MRNA in SHHF rats. Interestingly, SHHF, already high in baselineesspn, showed an
inhibition of HO-1 expression at 1 day due to LA exposure. Since mice lacking libetabi
induce HO-1 are more susceptible to the cytotoxic effects of ROS and irdleonm
(Kapturczaket al. 2004, Poss, Tonegawa 1997), it is possible that the SHHF might be more
vulnerable to injury and chronic exacerbation due to inhibition of HO-1 after LA exposure
However, acute transcriptional activation of FHC despite inhibition HO-1 due to LA
exposure suggests a complex mechanism of regulating oxidative stresshamidestasis in
the SHHF. The availability of Fe in the CVD models may cause an inhibitio®ef H
transcription through poorly understood mecahanisms of negative feedback regulation.
Asbestos fibers are known to cause acute oxidative stress and inflammation which
persists over time and contributes to chronic fibrosis, granuloma and lung d&ecgtow
the presence of inflammation at all times and fibrosis at 1 week and 1 month following a
single dose of LA in all rat strains which leads to focal granuloma favmatifew animals
at 1 month. Although it is believed that environmentally relevant low-level exposurea over
long period of time are not associated with lung inflammation, and fibrosis fatjowi
asbestos exposure in humans, it has not been experimentally demonstrated.l#) anima
inflammation develops as soon as 3 days following inhalation of asbestos at occupgational
relevant concentrations (earliest determined) leading to pulmonary fibxasisonger
duration (Sabo-Attwoodt al. 2005, Dosterét al. 2008). The persistence of inflammation as
evidenced by increases in BALF cellularity and histological alteratoggests a persistent
immune cell response, critical in chronic pulmonary disease, especiallyg imitiat

underlying Fe-overload.
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There are limitations in generalizing the role of Fe-overload in LA-indlwsey
injury. The genetic rat models of CVD-associated Fe-overload may notyexaciic the
mechanisms of Fe-overload in humans. While intratracheal instillation allowwspuscisely
control the exposure dose, it will produce a one time bolus effect which may not be apparent
with inhalation, where exposure continues with concurrent compensatory responsseBeca
the fiber length in the LA mix used in this study is relatively shortar tdther asbestos
materials such as amosite and crocidolite, it is likely that the majoopaitLA would have
been phagocytosed by alveolar macrophages. Thus, the pattern of lung injury cdused by
could be very different from other fibers that are not phagocytosed. However, wedtede
that, as in case of other fiber types, LA can bind exogenous Fe (Shaehaha?011). Due
to the difference in fiber characteristics, the kinetics of clearahtA fibers might be
different from other long fibers. The clearance of LA is also likelyedgnt in different rat
models and can influence the degree of lung response.
Conclusions

In conclusion, SH and especially SHHF demonstrated changes at baseline irs marker
of Fe homeostasis, oxidative stress, and inflammation relative to WKY. Acuteuexpos
LA induced transient pulmonary inflammation and MIP-2 expression in WKY without
increases in markers of Fe homeostasis (ferritin) and oxidative sti®st)(HHowever, in
SHHF, and to some extent in SH, LA exposure caused more persistent inflammatibn over
week and 1 month, which was associated with marked changes in biomarkers of iron
homeostasis with a generalized increases in ferritin. These findingsssulgg involvement
of endogenous Fe metabolism in more persistent pulmonary inflammation seenrd SH a

SHHF, which may be critical in their susceptibility to chronic asbestiased disease.
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CHAPTER 6. SUB-CHRONIC PULMONARY PATHOLOGY, IRON-OVERLOAD
AND TRANSCRIPTIONAL ACTIVITY AFTER LIBBY AMPHIBOLE EXPOSU RE
IN RAT MODELS OF CARDIOVASCULAR DISEASE

6.1 Introduction

Residents and miners in Libby, Montana were exposed to a mixture of amphibole
type asbestos fibers containing winchite, richerite, tremolite, and otherats in prismatic,
acicular, and asbestiform morphologies during the town’s extensive vermitutiing
(Sullivan, 2007, Meekeat al., 2003, Whitehouset al., 2008, Moolgavkaet al., 2010).
Epidemiological studies have shown a dose-dependent correlation between Libbyodenphi
(LA) exposure and the incidences of asbestos-induced diseases such asisdbasgtos
cancer, and mesothelioma in this population (Sullivan, 2007, Moolgatvéghy 2010,

Putnamet al., 2008). Exposure to LA has also been associated with increased autoimmune
disease in residents (Noonetral., 2006). These diseases are known to develop years to
decades after exposure to asbestos and are possibly due to the bio-pesistenptybole

fibers within the lung causing prolonged inflammation and oxidative stragsimgsn

diverse pulmonary diseases based upon genetic differences (BeehalgiB003, Bernstein

et al., 2005).

Asbestos is able to produce reactive oxygen species (ROS) through Fentonseacti
facilitated by surface available metals such as iron (Fe). Integlgsasbestos and silica can
associate endogenous Fe after inhalation exposure forming Fe-rich asbesis®hdlde

surface of the fibers (Ghi al., 2004). This Fe once bound to the surface of asbestos



maintains the capability to redox cycle enhancing the fiber’s ability tupoROS when
incubated with the appropriate reducing equivalents (&hah, 2006). It has been

postulated that this Fe once bound would enhance the ability of asbestos to produce ROS and
thereby exacerbate toxicity (Gazza@l., 2007, Gazzanet al., 2007, Ghicet al., 1992,

Hardy and Aust, 1995). Our previous studies have established that LA can bind Fe and that
this Fe is redox active in an acellular environment (Shannahan et al. 2011a). However w
also have demonstrated that Fe loading of LA inhibits the acute inflammespgnsen

vitro in cells andn vivo in rats. Furthermore by increasing the cellular catalyticaliiya Fe
poolin vitro the acute inflammatory response after LA exposure was also reducedlel'he r

of Fe in the progression of the chronic diseases induced by LA and other asla¢st@dan
however is unknown.

Increased tissue Fe-overload may increase bioactive and protein boundg$-ardve
affect the inflammatory response necessary for compensatory mechamiseninduced
following an environmental insult. Individuals with chronic diseases such asstalias
diabetes, arthritis, cancer, and cardiovascular disease (CVD) have beenaclexist in a
state of systemic Fe-overload (Abdadtal., 2011, Sert al., 2011, Allen, 2010, Toyokuni,
2011). Humans with CVD are known to exist in a state of systemic Fe-overload,
inflammation, and oxidative stress (Kruszewski, 2004, Ellezvét., 2010), which may
influence their susceptibility to asbestos-induced diseases. We have dyesi@aracterized
the underlying pulmonary disease present in two accepted rat models of humaheCVD t
spontaneously hypertensive (SH) rat and the spontaneously hypertensiveloeart fa

(SHHF) rat (Shannahast al., 2010). We determined that both the SH and SHHF existed in
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a state of pulmonary Fe-overload, inflammation and oxidative stress comparedab cont
normotensive Wistar Kyoto (WKY).

Recently, we have shown that an acute exposure to LA in rat models of CVD-
associated Fe-overload (SH and SHHF) resulted in the lack of exacerbatilarmmation
despite increases in Fe binding proteins and their transcription (Shannahan et al., 2011b)
Already high baseline inflammation together with dysregulated Fe hoaseostight
diminish the acute inflammogenic response to additional insults. In this contitwilyy \we
hypothesized that prolonged presence of LA in the lungs of SH and SHHF taisus#é
further accumulation of fiber-associated Fe, and aberrant tissue repaigleadiversified
pathological alterations. Furthermore we postulated that examining nisertpdional
activity of the whole lung genome might allow additional insights into theofdte in the
progression of lung disease in these models. Because CVD, diabetes and caegnkamat
in humans and are associated with the highest mortality and global health burden,
understanding the role of Fe-overload becomes significant in environmental espiscin

as the one experienced by residents of Libby, Montana.
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6.3 Materials and Methods

Libby Amphibole. The Libby amphibole (LA) sample was collected from the Rainy Creek
Complex near Libby, Montana in 2007 by the United States Geological Survey and wa
processed to produce inhalable material by Meeker et al., as indicated(bebkeret al.,
2003). The sample was further size fractionated by water elutriation abddgmeviously
(Webberet al., 2008) in order to isolate a rat respirable fraction {PMsing a settling

velocity of 3.4 x 10 cm s%.

Animals. Male, 11-12veek old, healthy WKY, and SH and obese SHHF rats were
purchased from Charles River Laboratories, Raleigh, NC. All rats weneainad in an
isolated animal room in an Association for Assessment and Accreditation obtaiyor
Animal Care (AALAC) approved animal facility at 21 +/- 1°C, 50 +/- 5% relative Hiiyi
and 12 h light/dark cycle. Rats were housed (2/cage) in polycarbonate cagesnpheda
chip bedding. Animals received standard (5001) Purina rat chow (Brentwood, MO) and
waterad libitum. The U.S. EPA NHEERL Institutional Animal Care and Use Committee

(IACUC) approved the protocol.

Intratracheal Ingtillation of Libby Amphibole. Since the rat respirable sample of LA was
prepared using the water elutriation method, a uniform saline suspension of LA for
intratracheal instillation was achieved by vortexing followed by watir $@nication for 15
min. The suspension was vortexed prior to each instillation to ensure that fibers dideot se
at the bottom of the tube. In order to ensure the fibers did not interact with anydaiblog

molecules or chemical dispersants of the media prior to landing on the ainfaeswe
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decided not to use a biological dispersion media or any other chemicals forruy ¢ipar
instillate. Rats (WKY n=12/time point; SH n=6/time point; SHHF n=6/time pouetre
anesthetized with isoflurane and intratracheally instilled with 8G@line containing either
0.0, 0.25, or 1.0 mg of LA as described previously (Wallenbbah, 2009). The
concentrations selected although high were, in general, consistent withtiostsladies

using other fiber types (Adamson and Bakowska, 2001, Hetaalg 1988). Doses were
chosen to assure a response in the lung upon instillation allowing for a compardtises ana
between strains. Theoretically, a rat will deposit 0.07 mg of fibers during Grif@lation at
10mg/n? based on the assumption that minute volume is 200ml and the deposition fraction to
pulmonary region is 0.10. Intratracheal instillation ensured the delivery cff exa
concentrations of LA into the lung and allowed us to control for likely straiteckla
deposition differences due to their variation in breathing parameters (Shaehaha2010).

In our previous study approximately 30% of WKY presented with non-pathogenic cardiac
hypertrophy (Shannahaal., 2010). Therefore WKY group size was increased (n=12) to
eliminate the data from those with hypertrophic hearts (heart weight >nb@gal heart

weight ~1g) and still maintain appropriate group sizes for statistical ceopsr

Necropsy, Sample Collection, and Analysis. Rats were weighed and anesthetized with an
overdose of sodium pentobarbital (Virbac AH, Inc., Fort Worth, TX; 50-100 mg/kg, ip) 1
day, 1 week, 1 month, or 3 months following instillation of LA. Blood was collected throug
the abdominal aorta into blood collection tubes, which were used for a different Blody.

was then removed from the vasculature of the lung by perfusio’MB&" free phosphate
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buffered saline (PBS) via the pulmonary artery to avoid interference in dégaiana
involving Fe-binding proteins and capacities.

The trachea was then cannulated and the left lung lobe tied off. The right lung lobes
were lavaged with G&Mg** free PBS (pH 7.4, at 37°C) equal to 35 ml/kg body weight
(representing total lung capacity) x 0.6 (right lung capacity being 60&tadfiing capacity).
The lavage volume for SHHF despite their increased body weight was kepasdhe mean
volume of WKY rats based on the assumption that the lung growth will remain satndar
given age in both strains despite the obesity-induced increase in body massFofefdiH
The lung lobes were lavaged three times with the same PBS alitpatight lung lobes
were then removed, placed in liquid nitrogen, and stored at -80°C for later analysieftT
lung was fixed at 40% of its total capadiy instillation of 10% neutral buffered formalin

through the trachea and stored in 10% formalirf & dntil processed for histopathology.

Cell Differential and Bronchoalveolar Lavage Fluid (BALF) Analysis. Aliquots of BALF

were taken for total cell counts (Coulter Inc., Miami, FL, USA), céledentials, and

analyses of lung injury markers. Cell differentials were conducted ts@in preparation
(Shandon, Pittsburgh, PA), and slides were stained with LeukoStat (Fishefi§ canf
Pittsburgh, PA). Macrophages and neutrophils were counted under light microscopy and
guantified based on total cell count. The remaining cell free BALF was ¢sdlica the
following: total protein (Coomassie plus Protein Assay Kit, Pierce, Ratkfoy, aloumin
(DiaSorin, Stillwater, MN), and the Fe-binding proteins, ferritin (KanByamedical

Company, Seattle, WA) and transferrin (Trf) (DiaSorin, Stillwater,)MAIl assays were
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adapted for BALF analysis and ran using the Konelab Arena 30 clinicakané&lfhermo

Chemical Lab Systems, Espoo Finland). Data were normalized to volume of BALF.

Satistical Analysis of BALF Data. Data are expressed as me&a®8.E. (WKY, n = 8-12/

treatment group; SH, n = 6/ treatment group; SHHF, n = 6/ treatment group). Sa&ma St
version 3.5 (Systat Software, Inc., Point Richmond, C.A.) was used to determinigaitatis
comparisons via a two-way analysis of variance with strain and exposureoas falkbwed

by a post-hoc comparison using the Holm-Sidak method. Statistical signifivasce

determined when p was found to be less than or equal to 0.05 between treatment groups and

strains.

Lung Histopathology. The right lung lobe from each animal was trimmed, embedded in
paraffin, sectioned to a thickness of approximately 3 microns (transversedaized svith
hematoxylin and eosin (H&E), Perls Prussian blue, or Masson’s trichréheelung lesions
were evaluated with particular attention to the lesion location (i.e, broaahinial bronchi,
alveolar duct, alveoli, interstiteum, centriacinar regions, pleura). The morptallog
evaluation took into consideration the characteristics of each inflammathuacel
component, i.e., polymorphonuclear cells, macrophages, fibrosis, microgranulomas, as we
as changes in the alveolar epitheliubesions were also evaluated for Perls Prussian blue
staining for ferric Fe content and Masson’s Trichrome for collagen in order to w@mderst
modulation of pulmonary Fe content and progression of fibréistopathological changes
were scored using semiquantitative grading at five levels (0 = notrsatinimal; 2 = mild;

3 = moderate; 4 = severe) taking into consideration the degree of severitye ayolt of
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lesion (Shackelfordt al., 2002), (Nyskaet al., 2005). In order to verify pathological
changes and possible chronic progression of lesion development after LA expostueyhe
was repeated in 36 SHHF rats examining lung pathology 3 months and 6 months post-
exposure. SHHF rats were instilled with saline containing 0.0, 0.25, or 1.0 mg of LA and
necropsies were performed 3 or 6 months later for detailed pathological evaluEtis
additional study substantiated the findings of the 3 month study and demonstrated the
presence but not progression of fibrotic and proliferative lesions after LA exp@ata not

shown).

Immunohistochemistry. Due to the presence of focal hyperplasic changes in SHHF rats, 5-
micron lung sections were cut from parrifin embedded lung blocks from thesepasedxo

0.0, 0.25 and 0.5 mg LA and were were immunohistochemically stained for epithelial cell
markers in order to determine the origin of the hyperplastic changes Wihinduced lung
lesions. The hydrated lung sections were first incubated with 3% hydrogedpemmklock
endogenous peroxidase. These sections were blocked with the appropriate blocking reagent
and then incubated with primary antibodies specific for Surfactant Protein-798), Clara

Cell Protein-10 (sc-9772), and the Cytokeratins 10 (sc-58720), and 14 (sc-53253) Santa Cruz
Biotechnology Inc., Santa Cruz CA.), and Cytokeratin 19 (CRC946) (Cell Marque
Corporation, Rocklin, CA). Biotinylated secondary antibodies were used with pesexida
conjugated streptavidin to detect cellular localization of proteins of int&esitive control

slides using known reactive tissues and negative control slides in which the @mtibogy

was omitted were also prepared. A board certified pathologist then evahmsddi¢s.
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Gene Array. Total RNA was isolated from caudal lung lobes frozen in liquid nitrogen using
RNeasy mini kit (Qiagen, Valencia, CA). RNA integrity was assesg#telRNA 6000
LabChip® kit using a 2100 Bioanalyzer (Agil@r@chnologies, Palo Alto, CA). We
examined global gene expression changes in rat lung tissue using the Akfyiattorm
(Rat Genome 230 2.0 ArrpyGene expression changes were assessed after exposure to LA
(1.0 mg/rat & 0.0 mg/rat) at 3 months post-exposure in each strain.

There were 6 samples per group and gene expression in each sample was assayed on
separate chips. Biotin-labeled cRNA was produced fropaglfotal RNA using an
Affymetrix “IVT-express labeling kit (cat# 901228). Total cRNA was then gtiadtusing
a Nano-Drop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
evaluated for quality after fragmentation on a 2100 Bioanalyzer. Following overnight
hybridization at 4%C to Affymetrix 430_2 GeneChips in an Affymetrix Model 640
GeneChip hybridization oven, the arrays were washed and stained using an Atfs@tr
fluidics station as recommended by the manufacturer and scanned on an Affynuetelx M
3000 (7G) scanner. After scanning, raw data (Affymetrix .cel files) wateered using
Affymetrix Command Console Operating Software (version 3.0). This softwsre al
provided summary reports by which array QA metrics were evaluated ingladerage
background, average signal, and 3'/5’ expression ratios for spike-in cofiteasn, and

GAPDH.

Gene Array Data Analysis. The resulting CEL files were loaded into Rosetta Resolver and
normalized with the Rosetta error-model. Differentially expressed mtshesre

determined within Rosetta Resolver using a one-way ANOVA with a Benjatoichberg
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multiple test correction (false discovery rate set at 0.05). Each of thedatenents
(including SHR saline and SHHF saline) was contrasted to WKY- saline asriinelc The
resulting five lists of DEGs were combined to generate a master\ishn diagrams were
generated from this master list of DEGs for LA induced changesveetatieach strain’s

control using Rosetta Resolver.

Functional Analysis. For a global assessment of impacted Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, the master list was submitted to the Ddi@basaotation,
Visualization and Integrated Discovery (DAVID) (Huangetlal., 2009) for analysis. P-
values from this analysis were used to generate a heatmap of KEGG pathways.

All genes were filtered to meet the criteria of intensity greatan br equal to 30 and
had a fold change greater than 1.5 or less than or equal to -1.5. Functional lists ofegenes
constructed from KEGG pathway genes: inflammation, and cell cycle comifdmmation
genes were assembled from KEGG pathways: 4060, 4062, 4070, 4310, 4510, 4514, 4520,
4620, 4621, and 4670. Cell cycle control genes were assembled from KEGG pathways:
4115, 5200, 5215, 5217, 5222, and 5223. For each of the functional lists, genes that were
on the pathway-specific list and on the master list were submitted to Edester (Eiseret
al., 1998) for hierarchical clustering. The genes were median centered walyaliakage.
The resulting cluster was displayed using Treeview (Egsah, 1998). Two other functional
lists, growth and fibrosis, were obtained from NetAffx

(http://lwww.affymetrix.com/estore/analysis/index.affxThe lists were combined and the

genes that were on both the growth and fibrosis and were clustered with Eilkestés and

displayed with Treeview.
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6.3 Results

6.3.1 Libby Amphibole Characterization

Fiber characterization parameters were recently published (Shannatha20étlb).
In brief, based on transmission electron microscopy, fiber dimensions, of thatetutiA
2007 sample were: mean length 4189+ 4.53 and width 0.28n £ 0.19; median length =
3.59um, width = 0.23m with upper and lower values of length being Qri2- 27.3@m
and width 0.0gm — 1.15m. The estimated fiber count for 1 mg LA sample was 21&x 10
In comparison to the elutriated LA 2007 sample used in the present study air Saomples
Libby Montana have been shown to contain fibers having a mean length pn7+63.40
and width 0.5m + 0.46, and median length br® and width 0.3@m with upper and lower
values of length being Qubn — 19um and width 0.0im — 1Qum; and an aspect ratio 8f5
(U.S. EPA 2010). The median fiber length being smaller than the mean length stloaest
larger proportion of fibers are likely smaller than the mean length. TragiemiSlectron
Microscopy of LA obtained from the 2000 sample similar to one used in the present study
showed that 97.8% (135/138) of elutriated fibers had aspect ¥afi¢deekeret al., 2003,

Webberet al., 2008), Lowers and Bern, 2009).

6.3.2 Pulmonary Inflammation, and Injury as Determined using BALF

In order to quantify inflammation and injury response following LA exposure, BALF
samples were analyzed for various biomarkers. It was anticipated thabstmeBALF cell

parameters might not actually reflect the long-term inflammatory @sanghe lung and
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therefore, extensive pathological analysis was done (see below) thealistrains. Baseline
levels (saline control) of BALF protein and albumin were significantly high&H and
SHHF when compared to WKY (SHHF>SH>WKY) (Figure 6.1), based on our previous
study (Shannahaat al., 2010). Only SHHF exposed to 1 mg LA demonstrated elevated
BALF protein at 3 months, however, because of the variable and high levels at baseline
was difficult to ascertain if this increase was related to LA exposure.récovery of
alveolar macrophages in BALF was unchanged after LA exposure in all stesipite
increased cellularity and presence of fiber-laden macrophages. Ad seglieatime points,
neutrophils were significantly increased at baseline in SHHF compareddoad&WKY

while LA-induced increases in neutrophils were noted duringlday through 1 month
(Shannahan et al., 2011) time points and were largely reversed by the 3 monthsamsll str
Baseline levels (saline control) of BALF ferritin and transferrin vgggaificantly higher in
SHHF when compared to WKY (SHHF>SH>WKY) (Figure 6.1) suggesting an unagrly
state of CVD associated Fe-overload. However, at 3 months after LA expusumnereases

noted during earlier time points (Shannahan et al., 2010) were largely reversed.

6.3.3 Histological Evaluation for H&E, Collagen, and Ferric Fe Staining

Histological analysis of H&E stained lung tissue sections for the lldagek and 1
month time points have been recently reported (Shannahan et al., 2011b). In this paper we
examined pathological lesions from 3 month H&E slides and also performed trichrome
staining for collagen and Perls blue staining for ferric Fe from lusgdisections obtained
at 1 week, 1 month and 3 month time points to understand the time course of the
development of fibrosis and accumulation of ferric Fe in all three straMisstrains

demonstrated interstitial fibrosis after exposure to LA shown by trichrtaimersy for
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collagen (Table 6.1 and Figure 6.2). More intense fibrotic foci were apparemhindke
bronchiolar areas where fibers likely accumulate. Pathology scoring staineng intensity
showed concentration- and time-related increases over 1 week to 3 month time points
suggesting progression of fibrotic lesions. However, no strain-relateceditts could be
ascertained from comparative analysis of trichrome staining. Control WKY HualidShot
stain for ferric Fe while a few spontaneous alveolar macrophages stasitepo SHHF
(Table 6.1). No discernible changes in Perls blue staining were appavee¢tebntrol and
exposed rats at 1 week time point. At 3 months only a few macrophages stained positive for
ferric Fe in WKY and SH rats exposed to high concentration of LA. However, tH& SH
had a greatly exacerbated number macrophages stain positive for Feenbinp&/KY and

SH (SHHF>SH>WKY) (Table 6.1 and Figure 6.2). These Fe positive macrophagg$®eoul
noticed around the lesion areas. Interestingly alveolar macrophages dypeaternalize

LA at 1 week post-exposure and fibers remained visible in macrophages 3 months post

exposure (Figure 6.2).

6.3.4 Immunohistochemical Evaluation

One important observation made in 3 month H&E stained slides of SHHF was the
presence of atypical hyperplastic lesions (Figure 6.3). These hyperfdagins were only
present in LA-exposed SHHF rats and were highly focal. These lesionsexppehe dose
dependent (saline 0/0 lesion incidence; 0.25 mg LA 2/6 lesion incidence; 1 mg LA 4/6 lesion
incidence). The lesions were located at or near terminal bronchioles andezbafist
atypical stacking of cells with the appearance of interstitial eglaggregation. The
experiment was repeated for verification by additional 5 step sections fobnaeianal. In

order to determine the cellular origin of these hyperplastic cells and dstethe possible
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presence of squamation, several cytokeratin and epithelial cell markersxeenined
immunohistochemically. These lesions were negative for the squamous epithétiatan
cytokeratin 10 and 14 (Figure 6.3). Lesions however stained positive for 1) the bronchiolar
epithelial cell markers, cytokeratin 19, a clara cell and 2) the alveolarltgek inarker
surfactant protein A, and 3) the clara cell specific marker, clara@¢Figure 6.3). Based

on the evaluation of these markers we designated these atypical hypelpsictis to be of
bronchiolar epithelial cell origin. To determine the further progression ofblgséic

changes over time additional animals instilled at the same dose levelselborit to 3 and

6 months post-exposure to LA. This experiment verified the presence olhtypic
hyperplastic lesions in SHHF at 3 months. At 6 months post-exposure to LA atypical
hyperplastic lesions were present but did not progress in severity from what wasedle

3 months (Data not shown). Unlike the 3 month time point, one focal spontaneous lesion
showing typical hyperplastic epithelium was found in a control SHHF at 6 months, however
LA exposed SHHF demonstrated a clear increase in the incidences of hstpehpéaons

that were atypical.

6.3.5 Gene Expression Analysis

We compared the gene expression profiles in all strains exposed to 1.0 mg of LA
compared to controls in order to determine genes and pathways that still rentaneedad
3 months post-exposure to LA. We presumed that a snapshot of expression analysis later i
the course of lung injury but prior to progression of lung disease might allow us tdyidenti
signature patterns that will provide insight into the relationship betweeniaguteand
chronic asbestos-related disease. Further we anticipated that this i@muldetermination

of potential mechanistic differences between healthy and cardiosasoamhpromised Fe-
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overload animals. Baseline strain differences were remarkable andilyrimaslved genes
related to immune regulation, inflammation and disease condition. Surprisinglgea lar
number of genes were still differentially expressed at 3 months e$patilKY and SH
rats after a single intratracheal instillation of LA when comparediteeseontrols; however
major strain differences were noted. It was apparent from the Venn diagtakaraduced
changes in each strain that WKY and SH had thousands genes changed due to LA at 3 month
while SHHF showed minimum changes (only 180 genes significantly altered Afte
exposure) (Figure 6.4). The Venn diagram demonstrated only 15 genes that weredrmrodifie
common between all three strains in response to LA exposure at 3 months (FiguTdé.4).
SH rats demonstrated the highest number total of genes changed after L&rexpos
(SH>WKY>SHHF) with more down regulated compared to the WKY and SHHF ri@=igu
6.4).

In order to understand relative strain differences and LA effect in davede
compared the mean expression values of WKY-saline control to the mean express®n value
of WKY-LA, SH-saline, SH-LA, SHHF-saline, SHHF-LA and determinedtre¢afold
differences. Although with marked intensity differences, most of the baseheechanges
seen in SH and SHHF relative to WKY are in the same direction (up or down) as #ose se
in WKY after LA exposure. It is difficult to ascertain specific maukac insight from this,
however one can speculate that LA exposure over a long period of time in WKY is
associated with an effect on the trancriptome activity of the lung Irkéictive of
underlying pathology at baseline in SH and SHHF. Based on the list of DEGslior ea
contrast, the pathways significantly altered due to baseline strairediées or LA exposure

are depicted in the heat map shown in Figure 6.5. The green and black colors show no effect
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while the red color show pathways with genes significantly altered. Vieewef KEGG
pathways identified processes involving lipid and steroid metabolism, glysolysi
inflammation, leukocyte migration, cell cycle control, oxidative phosphooylatiabetes
and many more to be altered due to baseline strain differences and aéepdgure (Figure
6.5). The glutathione metabolism pathway was significantly changed only in \Wjosed
to LA. Similarly, only WKY exposed to LA demonstrated an effect on pathwelgied to
oxidative phosphorylation and tumor suppression signaling (Figure 6.5). SH ratscetqose
LA demonstrated an effect on pathways assigned to cancer after exposarSkHHF had
this pathway affected significantly at baseline as well as afteeXposure (Figure 6.5).
SHHF exposed to LA also had other pathways related to cell proliferatioedaltetuding
basal cell carcinoma while the p53 signaling pathway was affected onliKh (Rigure
6.5).

Cluster analysis of DEGs that changed in the same direction in all trames stith
LA exposure and those that did not, revealed insights into specific genes withirspsoces
that were still affected by LA exposure and how each strain responded different
Hierarchical clustering of genes identified within selected KEGG pathwas performed to
understand the strain-related directional changes in gene expression belorspiagfic
processes. As indicated in Figure 6.6, many genes related to inflammatemeered
markedly at baseline in SH and to some degree in SHHF relative to WKY. Thesexpres
levels of the same genes were increased more readily after LA expo¥ukeY, and to a
lesser extent in SHHF but had a tendency to be inhibited in SH. (Figure 6.6, Tjuster
Notable examples of genes within this cluster includadBNfumor necrosis factor, and a

variety of interleukins. Figure 6.6, cluster 2 shows genes that are expresggdlavels in
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WKY at baseline relative to baseline expression in SH and SHHF. These geagsert
unchanged in WKY but tended to be inhibited from their already low baseline in SH and
SHHF after LA exposure (Figure 6.6). Many of these genes involved chemakicle as
Cxcl-14, and CCI-5, suggesting that some genes that regulate inflammesiponse to LA
tended to be inhibited in SH and SHHF but not WKY. A third cluster within Figure 6.6,
cluster 3 contained genes involved in neutrophil chemotaxis that are expressed atlsgh le
in SH and SHHF at baseline compared to WKY (Figure 6.6). Since this analysiomeaat
3-months post-exposure, this data together with the return of neutrophils to baseline in al
respective strains suggests that no active neutrophilic influx is occurring in that img)

time and that baseline neutrophil inflammation associated with underlyingi€sfill
persisting in SH and SHHF.

The other differential expression pattern that was apparent from theiolyste
involved cell cycle control genes. We noted remarkable strain differebeseline and
following LA exposure in the expression of genes involved in cell cycle contralréF&)7).
Genes expressed at high levels in the lungs of SH and SHHF at baseline inclaiding m
metalloproteinase-9 and some oncogenes are separated in cluster 1 o6 FigUieese
genes in cluster 1 seem to be induced in WKY after LA but are inhibited in SH and SHHF
rats (Figure 6.7). A few cell cycle control and growth arrest gereeexpressed at lower
levels at baseline in SH and SHHF when compared to WKY-saline (Figure 6.7, 2juste
These genes in cluster 2 are inhibited only in SH and SHHF after LA expdsilee w
remaining unchanged in WKY (Figure 6.7). Figure 6.7, cluster 3 includes genes such as
tumor suppressor genes and growth receptors that are induced only in WKY 3 months

following LA exposure (Figure 6.7).
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Since the process of fibrosis has been shown to progressively occur afteysasbes
exposure, we postulated that this process would still be active at 3 months post-exposure t
LA based on the persistency of amohibole-type fibers in the lung. We thus edamine
differentially expressed genes in order to gain further insight into fibrotic afitepative
changes seen after LA exposure. There were strain related diffeneeegsession of genes
involved in cell growth and fibrosis at baseline and in response to LA exposure. &Rjure
cluster 1 identifies genes that are expressed at high levels in WKY aatifaideline
(WKY>SH) and are reduced in SH following LA exposure. These genes include
transforming growth factos; and endoglin, a receptor involved in transforming growth
factor signaling (Figure 6.8). Figure 6.8, cluster 2 shows genes that aees@at high
levels at baseline in SH and are induced in WKY but inhibited in SH following LA ex@os
These genes include platelet derived growth factor recepfmm-1 an inflammatory
cytokine, and TIMP-1 an inhibitor of matrix metalloproteinases (Figure 6i8urd-6.8,
cluster 3 contains genes that are induced primarily in WKY and SHHF followpasase to
LA. Genes in this cluster include inducible transforming growth fg&tand cytochrome B-

2458 otherwise known as NOX-2 (Figure 6.8).
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Figure 6.1
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Figure 6.1. Alterations in BALF protein, albumin, macrophages, neutrophils,feantil
transferrin in WKY, SH and SHHF rats following intratracheal instdlabf saline

(control), 0.25 mg LA, or 1 mg LA. Values are mean + SE (WKY, n =8-12/group; SH and
SHHF, n = 6/group). * Indicates significant difference within strain ipeetto saline
controls (p<0.05). # Indicates significant difference from WKY at the sapeasare

concentration (p<0.05).
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Table 6.1Histological evaluation showing the staining of lesions for ferric Fe andyeolla

after exposure to LA in WKY, SH, and SHHF rats.

Average Score
(Number of Animals Affected by

Exposure)
Time Rat LA Animals/  Perls Blue Staining Trichrome Staining
Point ~ Strain  Concentration group for Ferric Iron for Collagen
(mg/rat)
1 WKY 0.0 5 0.0 0.0
Week 0.25 6 0.0 1.0 (6)
1.0 6 0.3 (2) 1.0 (6)
SH 0.0 6 0.0 0.2 (1)
0.25 6 0.0 1.0 (6)
1.0 6 0.3 (2) 1.0 (6)
SHHF 0.0 6 0.0 0.0
0.25 6 0.8 (4) 1.0 (6)
1.0 6 0.8 (4) 1.2 (6)
1 WKY 0.0 5 0.0 0.0
Month 0.25 5 0.0 1.0 (5)
1.0 5 0.0 0.8 (4)
SH 0.0 6 0.0 0.0
0.25 6 0.0 0.8 (5)
1.0 5 1.0 (4) 1.0 (6)
SHHF 0.0 6 0.3(2) 0.0
0.25 6 1.5 (6) 1.0 (6)
1.0 6 1.7 (6) 1.2 (6)
3 WKY 0.0 5 0.0 0.0
Month 0.25 6 0.0 1.0 (6)
1.0 5 0.4 (2) 1.7 (5)
SH 0.0 6 0.0 0.0
0.25 6 0.5(2) 0.8 (5)
1.0 6 0.8 (3) 1.5 (6)
SHHF 0.0 6 0.3(2) 0.0
0.25 5 0.6 (2) 0.8 (5)
1.0 6 1.7 (6) 2.0 (6)

WKY, SH, and SHHF rats exposed to saline (control) or LA (0.25 or 1.0 mg/rat) were
examined for pulmonary collagen deposition and ferric iron (Fe) accumulation using
Masson’s trichrome and Perls Blue staining respectively. The numtben Wwiacket shows

the number of rats that are affected per total number of rats examined per grdagerCol
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deposition and ferric Fe accumulation were graded on a scale of increaganiy from 1-4

and the mean severity of lesions reflect the average score per animal.
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Figure 6.2
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Figure 6.2. Time-related collagen deposition, ferric iron (Fe) alteratrahalaeolar
macrophage fiber uptake in the lung following a single intratracheal itistillaf LA in

SHHF rats. The photomicrographs of lung tissue sections of SHHF rats 1 weekh] anadnt
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3 months post-exposure to 1.0 mg LA are shoWwand B: Representative sections of lung
stained for collagen using Masson’s Trichrome stain from SHHF rats exposed to 140 mg
at 1 week, and 3 months, respectively. Images are at X 20 magnification. C and D:
Representative sections of lung stained for ferric Fe using Perls Bindrstm SHHF rats
exposed to 1.0 mg LA at 1 week, and 3 months, respectively. Images are at X 60
magnification. E and F: Representative sections of lung using phase contrastapyg to
focus on alveolar macrophage uptake of LA in SHHF rat exposed to 1.0 mg LA at 1 week

and 3 months, respectively. Images are at X 40.
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Figure 6.3
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Figure 6.3. Immunohistochemical characterization of atypical hypémlesions in SHHF

at 3 months after a single instillation of 1.0 mg LA. A: Representative infdg&d

stained lung section from SHHF exposed to 1.0 mg LA 3 month post-exposure demonstrating
the presence of an atypical hyperplastic lesion. B and C: Lung sections
immunohistochemically stained for the squamous cell markers cytokeratins 10 and 14
respectively from SHHF exposed to 1.0 mg LA 3 months post-exposure. D: Lumngsecti
immunohistochemically stained for the bronchiolar cell marker cytokera® from SHHF
exposed to 1.0 mg LA 3 months post-exposure. E: Lung sections immunohistochemically
stained for surfactant protein-A, a marker of alveolar type Il and cklls from SHHF

exposed to 1.0 mg LA 3 months post-exposure. F: Lung sections immunohistochemically
stained for the clara cell marker, clara cell 10 from SHHF exposed to 1L Bgnonths

post-exposure. All images are at X 20 magnification.
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Figure 6.4

WKY

1848

A

SHHF SH

Strain Total Up- Down-
Genes Regulated | Regulated
WKY 2290 89% 11%
SH 2524 42% 58%
SHHF 180 12% 28%

Figure 6.4.A Venn diagram of differentially expressed genes (DEGs) comparing WHY, S
and SHHF rats 3 months following intratracheal instillation exposure to 1.0 mg Lpaceth
to strain matched saline controls. The table shows the direction of changesrendtfly

expressed genes for each strain.
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Figure 6.5
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Figure 6.5. DAVID KEGG pathway specific pulmonary gene expression hgaamnadyzing

global expression changes comparing WKY, SH, and SHHF rats 3 months following
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intratreacheal instillation exposure to 1.0 mg LA normalized to control WKY exiias
saline. Black indicates a similar number of genes are activated andhtapss not altered
compared to control (WKY saline). Green indicates that the pathway lacksiantwiat

many genes compared to control (WKY saline). Red indicates the pathwaigwifisantly
altered (p< 0.05) and contains genes that were activated within the pathway compared to
control (WKY saline). This is based on the list of differentially exmeggenes (DEGSs) for

each contrast.
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Figure 6.6
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Figure 6.6. Clustering of inflammat



expressed genes (DEGS) related to inflammation were assembled BG@A gathways:

4060, 4062, 4070, 4310, 4510, 4514, 4520, 4620, 4621, and 4670. All genes were filtered to
meet the criteria of intensity greater than or equal to 30 and had a fold cheatge tiran

1.5 or less than or equal to -1.5. Genes were then hierarchically clustered ssirig Ei

Cluster Analysis, were median centered with average linkage, and viewed ressvgew.
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Figure 6.7

w
]
3
0
o

]

-

SHHF_Asbestosd
SHHF Asbestosé

SH_Asbestos2

H_Salinel

SH Saline2
SH_Asbestos3
$5H_Asbestosd
SHHF Asbestos3
SHHF AsbestosS

myelocytomatosis_oncogene
serine_(or_cysteine)_peptidase_inhibitor__clade_E__member_1
c-fos_induted_growdh_factor

bone_morphogenetic_protein_2
bone_morphogenetic_protein_2

FBJ_osteosarcoma_oncogene
bacUloviral_IAP_repeat-containing_2

heat_shock_proteln 90__alpha_(cvtosolic)__class_A_member_1
collagen__type_IV apha

matrix_metallopeplidase_g

matrix_metallopeptidase_9

Cluster 1

signal_transducer_and_activator_of_transcription_3
fibroblast_growth_factor_18

v-Ki-ras2_Kirsten_| ral_sarcuma viral_oncogene_homolog
C-terminal_binding_protein_2
phosphoinositide-3-kinase___catalytic__alpha_polypeptide
wingless-type_MMTV_integralion_site_family__member_d
frizled_homoiog_1
ret_proto-oncogene

runt_related transcnpllon factor_1
placental growth_factor
platelet_derived_growth_factor_receptor__alpha_polypeptide
PERP__TP53_apoptosis_eflecior
Bel2-associated_x_protein
mitogen_activated_protein_kinase_1
phosphoinositide-3-kinase__catalylic__alpha_polypeptide
hypoxia-inducible_factor_1 _alpha_subunit
zinc_finger__matiin_type_3
v-aki_murine_thymoma_viral_oncogene_homalog_1
mitogen_activated_protein_kinase_3

vascular_endothelial_growth_factor_A
Fibroblast_growth_factor_receptor_1
laminin__beta_2
catenin_{cadherin_associated_protein)__alpha_1
vascular_endothelial grcmm factor_A
Retinoic_acid_recepfor

1 comﬁ!"ex_locus
KIT ligand ~

cyciin-dependent_kinase_inhibitor_18 :
protein_phosphalase_10_magnesium-dependent__delta_isoform
fibroblast_growth_facfor_receptor_2
phosphoinositide-3-kinase__regulatory_subunit_1_(alpha)
Hedgehog-interacting_protein
peroxisome_proliferafor-activated_receptor_delta
cyclin-dependent_kinase_inhibitor_18
Fibroblast_growth_factor_receptor_1
cyclin-dependent_kinase_inhibitor_1A

fibroblast_growth_factor

ranscripfion_facfor_7__T-cell specn‘lc
baculoviral_IAP_repeafcontaining_3

fumarate_hydratase_1
ras-related_C3_botulinum_toxin_substrate_2
CDC28_protein_kinase_regulatory_subunil_1B
ribonucieotide_reductase_M2

cyclin_B2
fropormyosin_3__gamma
Tropomyosin_3_ gamma
tumor_protein_| [k
cyclin_G1
epidermal_growth_factor_receptor_
insulin-like_growth_factor_1
transforming_growih_factor__beta_receptor_1
paired_box_§
reprimo__TP53_dependent_G2_arrest_mediator_candidate
growth_arrest_and_DNA-damage-inducible__gamma
fropomyosin_3__gamma

Cluster 2

Cluster 3

tropomvosin 3 aamma

Figure 6.7. Clustering of cell cycle control specific pulmonary geoeparing WKY, SH
and SHHF rats 3 months after intratracheal instillation exposure of 1.0 mg iff@rebtially
expressed genes (DEFs) related to cell cycle control were asserobeldEEGG pathways:

4115, 5200, 5215, 5217, 5222, and 5223. All genes were filtered to meet the criteria of
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intensity greater than or equal to 30 and had a fold change greater than 1.5 onless tha
equal to -1.5. Genes were then hierarchically clustered using Eisen'sr@uoatysis, were

median centered with average linkage, and viewed using Treeview.
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Figure 6.8
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Figure 6.8. Clustering of growth factor and fibrosis specific pulmonary ggmession

comparing WKY, SH and SHHF rats 3 months after intratracheal instillatjppsare of 1.0

mg LA. Functional lists for genes related to growth and fibrosis, weremeldt&com

NetAffx (http://www.affymetrix.com/estore/analysis/index.gffAll genes were filtered to

meet the criteria of intensity greater than or equal to 30 and had a fold cheaige tiran

1.5 or less than or equal to -1.5. Genes were then hierarchically clustered seirig Ei

Cluster Analysis, were median centered with average linkage, and viewed tesswgew.
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6.4 Discussion

The molecular mechanisms of acute inflammation that lead to chronic fibrdgrgor
cancer after asbestos exposure remains elusive despite decadesdi.réfeer-associated
Fe has been postulated to play a role in the inflammatory process; howewdiyetsce on
chronic pathological outcome is unknown. The literature is controversial regardinge
of Fe overload and chronic disease susceptibility. Studies have demonstratied that
accumulation of Fe at tumor sites is a consequence due to tumor-associatedatifsanand
oxidative stress (Kukuht al., 2010). Other studies however have shown that Fe is causal in
tumor progression postulating that the availability of Fe promotes ROS gengwéhich
leads to cancer through oxidation and damage of DNAg(tdLi, 2010, Toyokuni, 2011).
We have recently have shown that rat models of CVD-associated Fe-overload do nat show a
exacerbation of acute LA-induced inflammation and that this acute inflamnmatponse
induced by LA is reduced by Fe despite its ability to generate ROS ($tzeneiaal. 20114,
Shannahan et al. 2011b). In this study we postulated that exposure of SH and SHHF rats to
LA due to their underlying CVD and associated pulmonary Fe-overload wouldiresul
further accumulation of Fe in the lung and differential pathological outcomes aegex |
period of time (3 and 6 months). We further hypothesized that a snapshot analysis of lung
gene expression signatures in control and LA-exposed rats, 3 months post-exposdre, woul
allow us to delineate the relationship between acute injury and long-termesumuof
pathology, and the role of CVD-associated Fe-overload.

Here we show that pulmonary fibrosis progresses to a similar degreehireall t

strains over 3 months after LA exposure despite differences in expressioresfrgkated to
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fibrosis in all three strains. Fe accumulation was also found in fiber-l&koiaa
macrophages and was highly exacerbated in SHHF. Surprisingly, only SHHF developed
atypical hyperplastic lesions of bronchiolar origin in response to LA. Thelbvera
transcriptional activity supports the development of hyperplastic lesiorsHifr &nd
underlying chronic inflammation. However, the role of key genes in given [gexes
difficult to ascertain from expression analysis.

Persistent systemic inflammation and Fe-overload are the hallmaukee af
chronic diseases in humans and in animals, however it is not known if they are consequence
of the disease or causal (Yao and Rahman, 2011, O'Byrne, 1996). We have shown that SH
and SHHF due to their genetic predisposition to CVD have increased baseline infamma
as characterized by increased presence of neutrophils, and Fe-overloddtémataehe
severity of of disease (SHHF>SH) (Shanahan et al. 2010). In this study wedsypeththat
pulmonary gene expression patterns might be different in SH and SHHF rats having
increased presence of neutrophils at baseline and may relate to inflammédtatizology
induced by LA. Genes involved in inflammatory processes mediated by NFkB and other
signaling pathways were generally up-regulated at baseline in batinc6BHHF relative to
WKY, along with several metabolic and pathological processes.

Gene expression analysis revealed that the LA effect on inflammatuoey teat
regulate innate immunity is still evident at 3 months post-exposure in WKY bubl@ss s
SHHF and SH with suppressed acquired immunity genes at baseline (Figuress@&61).
This pattern of response suggests that SH and SHHF 3 months after LA exposurblare una
to sustain increased inflammatory gene expression despite theiedl&aseline lung

neutrophils. This may be related to their already high baseline expression aniléy ioa
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further up-regulate inflammatory genes or temporal differences ingygmession between
strains.

Persistent inflammatory response in the case of asbestos exposure leadstanyulm
fibrosis at the terminal bronchiolar region of the lung, coinciding with the sitbeaf f
deposition (Brodet al., 1981). Despite gene expression pattern differences between strains
our study demonstrates similar degrees of fibrotic lesions in the lung. Even thoudt: the L
induced neutrophilic influx had subsided in all three strains at 3 months, the inflammatory
gene expression still remained induced in WKY compared to SH and SHHF who express
these genes at high level at baseline. We speculate that the increasetatéliey gene
expression was necessary for progressing to fibrosis in all strains esganfilhow the gene
expression is increased (LA exposure in WKY and high baseline in SH and SHHF). We
further postulate that LA-induced inflammation and fibrosis-related genessipn might
have been dampened because of the Fe that accumulated within fiber-laden rgasropha
Fe-overloaded SHHF. Underlying genetic differences may also be involveddredifél
regulation of inflammation and fibrosis.

Unlike long thin fibers that remain intercalated at the terminal bronchexgom, the
shorter fibers are likely to be readily phagocytozed by alveolar macrap(Bemsteiret
al., 2010). In vitro studies have shown that epithelial cells can take up relatively short LA
fibers (Duncaret al., 2010). Light microscopy examinations with phase contrast revealed the
presence of LA fibers within alveolar macrophages at 3 months suggesting sedilibes
are taken up by alveolar macrophages and are not cleared from the lung. Alnesteffa
similar length to LA have been shown to be engulfed by alveolar macrophages

(Bernsteiret al., 2010). Furthermore, the half life of these fibers have been shown to be
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greater than 90 days suggesting that some of these fibers within macrophiagmsain in
the lung for the lifetime of the animal. The ability of alveolar macropba&g engulf but not
clear the LA fibers may result in chronic inflammation within the lung affgaisease
progression.

The enhanced progressive accumulation of Fe within fiber laden alveolar
macrophages in the SHHF supports the hypothesis that the increased availatelitylaf
Fe increases the accumulation of Fe at the site of fiber deposition within the datigngf
endogenous Fe on the surface of fibers has been shown in mice and in humans after exposure
(Ghioet al., 2006, Ghicet al., 2009). We have shown that LA binds Fe in an acellular
system in minutes (Shannahan et al. 2011a). Here we show that, as in humans and mice, LA
likely associates cellular Fe in rats and that this process is rapig initla underlying Fe-
overload. Furthermore, our previous study with LA (Shannahan et al., 2011a) and another
study with quartz (Ghiazz al., 2011) have shown that the bio-availability of catalytically
active Fe may reduce the inflammatory response following fiber exposhig supports the
conclusion that possibly the Fe-overload conditions seen in SH and SHHF might reduce the
inflammatory gene induction caused by LA due to accumulation of Fe at the fiiterof
deposition.

Surprisingly, only the SHHF developed atypical hyperplastic lesions at 3 mowkhs a
6 months post-exposure to LA. These proliferative lesions likely originateddiannchiolar
epithelial cells and did not involve squamation based on immunohostochemical detection of a
series of cell specific markers. Unlike the typical hyperplasticggmeeen in the
bronchiolar epithelial and alveolar type Il cells after asbestos induceditwagi$ (Robledo

et al., 2000, Crouch, 1990), the hyperplastic changes seen in LA-exposed SHHF were
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classified as atypical based on the stacking of hyperplastic cells; mutateclassified as
adenomatous. Such atypical lesions have been noted in bronchoalveolar neoplasia and
atypical adenomatous hyperplasia of the lung in humans and have been associated with
genetic changes in the EGF receptor (Kitamura and Okudela, 2010, Metatire2010).
Case studies with asbestos exposure have shown the coexistence of atgpizadadous
hyperplasia, primary lung adenocarcinoma and pleural mesothelioma (Tacaha2004,
Tsuzukiet al., 2008). Because these lesions in SHHF rats at 3 months did not progress over 6
months, it is difficult to ascertain their significance. However, thesenfysdallow us to
speculate that SHHF might have genetic traits that predispose themteaabbestos-
induced lung cancer development.

We presumed that analysis of expression of inflammatory cytokines, graiahsfa
and cell cycle control genes would allow for insights into the proliferative leseasrsonly
the in SHHF rat model. We noted that the cellular processes involving cell opttelcand
growth were differentially affected in all three strains. TP53 a key tsongoressor gene
was induced only in WKY exposed to LA. The loss of function of the tumor suppressor
gene, TP53 has been implicated in the development of lung cancer and cellular poolifera
following asbestos exposure (Moregisal., 2004). C-Fos, a member of AP-1 oncogene
family, which is implicated in cell motility and invasion (Han et al., 2010) anéBie
oncogene were upregualted only in LA-exposed SHHF. The EGF receptorehas be
implicated in adenomatus hyperplastic cell growth (Adisesteatiah, 2008) and was also
increased in SHHF. A number of cellular processes as determined based oty pathwa
analysis using KEGG indicated significant changes in pathways in camckbasal cell

carcinoma development, especially in SHHF. This may facilitate thdguatlve phenotype
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seen in the SHHF after LA exposure. Baseline high levels of oxidative atrds
inflammation demonstrated by SHHF also may influence their increasetiviigrs
develop proliferative lesions compared to other animal strains. Thus, the SéHfeman
appropriate model to study proliferative changes following asbestosusgphse to the high
number of incidences seen in this study.

There are limitations of the study that concern the interpretation of findipgs:
Animal models have genetic CVD which may influence their susceptibilibAtmore so
than Fe-overload. 2) The use of intratracheal instillation, while allowingsgreontrol for
pulmonary dose, might produce a one time high response relative to inhalation whgre injur
and compensatory processes occur simultaneously. 3) The temporality of gengi@xpres
patterns was not considered. 4) The analysis of whole lung tissue expressiorechight r
actual changes seen at the site of lesion. 5) Due to LA being shorter thanedtis¢éudied
fibers, the kinetics of retention and the effect on the pulmonary cells might &ediff

In conclusion, we report that LA exposure is associated with progredgsivei$ and
increased gene expression for inflammatory markers and fibrosis ineglldtiains, however
the accumulation of Fe within fiber-laden macrophages is primarily seenHk .SHhe
SHHF was found to develop atypical hyperplastic lesions that presented NMuitarce
stacking and were of bronchiolar cell origin. Transcriptional analysis oftissige revealed
LA-induced changes in inflammation, immune regulation and number of pathological and
metabolic processes, however, with remarkable strain-related ddése Genes involved in
Fe homeostasis did not remain altered at 3 months following LA exposure. Kestoegul
genes of cell cycle control and growth were differentially affeateallithree strains,

however; specific cancer-related processes were significarghg@lonly in SHHF. Thus,
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disease associated Fe-overload might result in increased accumulateoatdh€ site of
fiber deposition, however, this might not be causal in susceptibility to induce prtotdera

changes.
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CHAPTER 7. OVERALL CONCLUSIONS AND SIGNIFICANCE

These studies taken together demonstrate the role of iron (Fe) in Libby araphibol
(LA) asbestos-induced lung inflammation in healthy and cardiovasculasdif@sD)
compromised rats with Fe-overload. It has been postulated that increased ashBaris
the surface of asbestos would potentiate the production of reactive oxygen $peSedy
fibers and thereby enhance inflammation and toxicity. The link between thg abHe to
generate ROS and the enhancement of the toxicity of a variety of pollutatisdmas
proposed. No systematic approaches, however, have been taken to understand if the injury
and inflammatory responses are exacerbated when Fe levels aasedcrd he literature
provides conflicting evidence of the role of Fe due to differences in the el
approaches. Fe can be catalytically active and is ubiquitously present in teatearbiour
diet, and tissues. Thus, the understanding of its role in toxicity after envirohmenta
exposures to particles and fibers is fundamental and necessary. In ordke toumaesearch
guestions and experiments more relevant to humans and applicable to disease¢edssocia
with environmental exposures, we systematically evaluated the rolamfiber-induced
lung inflammation in healthy and CVD compromised rat models with Fe-overload.

To understand the role of Fe in asbestos toxicity and the progression of lung diseases
it Is necessary to integrate findings from epidemiology, hu@mal,in vitro, and acellular
chemical studies. Often, integration of results from various types of stadiéfcult.

Human and animal studies have demonstrated an ability of asbestos to bind Fepasiaree



(Shenet al., 2000, Gibbst al., 1994, Ghicet al., 2004, Pascolet al., 2011). Furthermore,
fibers coated with Fe have been shown to generate increased ROS comparedwittibetrs
additional Fe in acellular systems. Based on these independent studies, ittulasepahat
endogenous Fe on the surface of fibers could enhance ROS production and toxicity (Governa
etal., 1999, Ghicet al., 2006, Lunckt al., 1994, Ghicet al., 1992). Further studies
examining fibers with different Fe contents also showed this trend (Gagzan@®007,
Srivastavat al., 2010).

Our research supports the conclusion that LA fibers bind exogenous Fe, and with
increased levels of Fe, the fibers become more redox active in an acsilitEmn. This
increased redox activity due to associated Fe, however, does not seem to é&ehdodsm
responsible for the acute inflammatory response demonstrated aftendimesure in cells
andin vivo. Rather, the increased bioavailability of cellular Fe to bind fibers and also the
fiber-associated Fe are responsible for inhibiting the acute inflammatpgnse to fibers.
These findings were confirmed in animal models with CVD-associated Freay¢SH and
SHHF rats) that demonstrated reduced inflammatory gene expression coro@alesilthy
model (WKY). Furthermore, the ability of LA to associate endogenous ¥eo was
validated by the prominent accumulation of Fe in fiber-laden macrophages inrfeaded
SHHF rats.

Fe is the most abundant metal in the environment and is an essential metal for living
organisms. Fe is required for basic biological functions such as transportirejeasing
oxygen in our tissues, electron transport, energy metabolism, and DNA syntitesepair.
Although it is likely that other essential metals can bind fibewsvo and modulate

biological processes, Fe is of the most biological interest. The impodaReds due to
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high endogenous levels and the stability constant for its complexation with this fitbginer
than any other cation found within the body. Furthermore, Fe is abundant within our
environment and is a key component of many air pollutants. The ability of Fe tafacilit
Fenton reactions vivo can make it a promoter of oxidative stress. As Fe is highly redox
active, its endogenous levels are tightly regulated within the body by tihenSeorters and
binding proteins such as lactoferrin, transferrin, and ferritin. Lactofendriransferrin are
Fe transport proteins responsible for the binding of free Fe and its tramgparelis.

In contrast to transferrin and lactoferrin’s role in Fe transport, fersitina body’s
primary Fe storage protein and is useful in determining an organism’atég. sEerritin
consists of a combination of two subunits: ferritin heavy chain and ferritin light.cha
Ferritin heavy chain is responsible for sequestration of Fe by oxidation, whiigithehain
is responsible for the storage of Fe. According to where it is in the body and tterfutie
proportion of each subunit is different. Light chain rich ferritins are asedonath
conditions of Fe-overload and are known to release Fe very slowly. Heavy chain ri
ferritins are known to be associated with inflammatory responses as the boaheprie
quickly bind Fe that is released due to oxidative damage to heme-containing pnadeins a
catabolism of heme groups by HO-1

In environmental exposures, Fe has been postulated to play a key role in the
inflammatory response induced by inhaled fibers and silicates includingt@sbéluman
exposure to asbestos has been shown to cause the development of lung cancer, the fibrotic
condition asbestosis, and mesothelioma. Individuals in the town of Libby, Montana who
were exposed for years both occupationally and environmentally to an amphibole@mixtur

(winchite, richerite, and tremolite) during mining of asbestos-contandivateniculite
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(Meekeret al., 2003), have recently shown increased incidences of asbestos-related diseases
(Peipinset al., 2003, Sullivan, 2007). Similar to other asbestos fiber-types, the chemical
formula of fibers in the LA sample contains Fe which can redox cycle and produca®0OS

well as silicon which has been shown with other fibers to facilitate theiagea of

endogenous Fe.

Our acellular studies support these findings in that LA could bind Fe and this
additional Fe rendered them more redox active. Howevernattro andin vivo studies
demonstrated that having additional Fe bound on the surface of the fibers inhibited the
inflammatory response compared to unmodified fibers. Recently, this mechasisisda
been shown to be true for quartz-induced inflammation (Ghieiztg 2011). We believe
the reason for this disconnect between the acellular studies and the cell andaxoma
studies is the high concentration of Fe and reducing equivalents present inltharacel
experiments to promote Fenton chemistry. However, this is unlikely in a livelosie
mechanisms exist to inhibit abbarent ROS production.

We postulated that Fe might reduce the inflammatory response by inhibging t
activity of the inflammasome as other asbestos fibers have recentlgtb@en to induce
inflammation through this pathway. The inflammasome is a multiprotein complex known t
initiate the inflammatory cascade following exposure to a varietyrobifiti Asbestos fibers
have shown an ability to specifically induce the NALP3 inflammasome (DaestéPetrilli,
2008, Dostertt al., 2008) while NALP3 knockout mouse models have been shown to be
protected from the development of silicosis following exposure to silicaGass., 2008).
For the first time, our study demonstrates the activation of the inflammas@meAa

exposure and the ability of Fe to transcriptionally inhibit signaling targetssopathway
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involved in acute inflammation (Chapter 4). Furthermore, at 3 months post-LA exposure
expression of genes involved in the inflammasome pathway, while still up-esjuiat
healthy rats seem unaltered in rats with Fe-overload. Our findings suppaietio Fe in
activation of inflammasome-mediated signaling in rat models of Fe-overldas .alfered
activation of the inflammasome in Fe-overload models may contribute to theliféér
inflammatory response seen after exposure and may cause variations philslisceo
asbestos exposure.
Importantly, in Chapter 3 we use IL-8 as a marker of inflammagenic resmobAe t
in a bronchiolar epithelial cell line, while in Chapter 4 we usefiLah inflammatory
response marker produced by alveolar macrophages following inflammasoragact We
find that Fe similarly alters the inflammatory response in both cell gpeemonstrated by
altered induction of IL-8 and ILAL Induction of IL-8 has currently not been found to be due
to activation of the inflammasome. These findings support the conclusion tleatisgbe
a general mechanism by which Fe alters the inflammatory response sliitarastial
activation or expression of transcription factors such asB\fThe ability of Fe to modulate
inflammation in different cell types via unique or similar mechanisms rexjfurther study.
Although inflammation orchestrated by integration of a variety of siggalathways
is needed by the body, it can also be detrimental if not properly regulated. Oes studi
demonstrate modifications in the acute inflammation induced by asbestos due to the
bioavailability of Fe. A robust inflammatory response may be needed toamul
appropriate repair mechanisms. On the other hand, if this inflammatory responeetdoes
resolve or is too intense, there could be non-reversible damage to the lung and lead to the

progression of diseases. SHHF had persistent high baseline inflammation but did not
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demonstrate an ability to further induce inflammatory gene expression coneparsbkKy .
Historical evidence suggests that the inflammatory response is a deltatee. During the
flu pandemic of 1918, younger healthy individuals were curiously more susceptible to the
morbidity and mortality caused by the flu (Hsettal., 2006). This was later found to be
related to their robust inflammatory response after contracting the litler @dividuals who
commonly were at risk for mortality from the flu were found to survive due to their
reduced/weakened inflammatory response. Because older people are likely Eeha
overload, one can postulate that this Fe reduces the inflammatory response bdeinhala
pathogens and air pollutants.

Many chronic diseases including diabetes, thalasemmia, cancer, and€VD a
associated with not only inflammation and oxidative stress, but also systeoweif@ad
(Galanelloet al., 2010, Allen, 2010, Kruszewski, 2004, Ellerdkal., 2010). The
examination of rat models of CVD in Chapter 1 demonstrates pulmonary inflammation,
oxidative stress, and Fe-overload. Therefore, we believe that these madesppmpriate
for the study of CVD-associated Fe-overload and its consequences in air pollutisaregpo
The sheer stress caused by elevated blood pressure in these models is thought t@ ¢ontribut
the release of Fe from hemoglobin resulting in systemic Fe-overloadottkeown if these
increases in tissue Fe levels are causal or a consequence of the updesbase. This
increased systemic Fe is thought to contribute to the systemic oxidatss astice
inflammation seen in these individuals and rat models. The SH and SHHF rats used in our
studies have not been fully genotyped and are polygenetic models of CVD. The response of
these animal models to LA might also be influenced by genetic abnormialitresse models

that do not pertain to the underlying state of Fe-overload. This causes an increabddya
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in their responses to asbestos and other inhalable pollution exposures, giving ai® accur
depiction of the continuum of responses seen in the human subpopulation of CVD.

The ability of LA to bind Fe is not unique to this fiber type as other fibers havenshow
an ability to bind Fe. It has been postulated in other studies that macrophabessatece
of Fe for the formation of ferruginous bodies on fibers (Koesteh., 1986). Specifically, it
has been hypothesized that inflammatory macrophages that are recruitelthg thiger
fiber exposure are the source of Fe (Birgegard and Caro, 1984). This postulatisedson
more abundant Fe in the inflammatory macrophage compared to resident luoghages
due to uptake of damaged erythrocytes. The time required to form ferruginous ltedies a
exposure is not known, but some individuals are known to more readily deposit Fe on fibers.
This variation in deposition of Fe on fibers has been thought to be related to differences
individual body Fe burden. Our data are consistent with this assumption and show that SHHF
with Fe-overload accumulate Fe in fiber-laden macrophages as e&rtyanths whereas
other strains with less tissue Fe show minimal accumulation.

Chapter 3 demonstrates that in the presence of increased Fe levels, thaatdigym
effect of LA is reduced. Interestingly, our findings in Chapter 6 not only sugpeiby
showing that animals with Fe-overload have a decreased LA-induced inflangmane
expression, but also showing that animals with disease associated Feebreteaeadily
coated fibers with Fe. This finding supports our hypothesis that the endogenous loading of
Fe is dependent on the bio-availability of Fe and that individuals with CVD-atebé€ie-
overload more readily coat fibers. This also validates the increases S&leapiter 5 of
markers of Fe homeostasis in response to the enhanced movement of Fe in the SHHF. This

finding may explain why often individuals with chronic diseases demonstrate deduce
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inflammatory responses to particle exposures. Since accumulation ofadsensition
metals including Fe has been noted at the site of pathology and systemicallygbhe mi
speculate on the role of these metals in the development of aberrant cetlenytobd and
proliferative changes based on the increased hyperplastic lesions seenLéngxposed
SHHF. However, this association of Fe-overload in LA-exposed SHHF and the lack of
inflammatory gene expression must be cautiously interpreted since numenetis g
abnormalities and the baseline presence of lung inflammation might alsdotnta the
lack of inflammatory gene induction in these rats.

In humans asbestos is known to cause a specific cancer of the pleural region of the
lung well-known as mesothelioma. It is postulated that the migration of macropbades
with short fibers through lymphatics to pleural surface is involved in caliodrcand
mesothelioma of the pleura. Rats after intratracheal instillation haveetsonstrated the
movement of short chrysotile fibers to the pleural region (Viatlat., 1986). Chronic
inhalation studies of amosite and chrysotile have also demonstrated this ttaoskocthe
pleural region in hamsters and rats (Mast., 1994, McConnelét al., 1999). These
studies, however, demonstrated strain specific differences with the hdersi@nstrating
greater translocation of fibers compared to rats and also pleural fibrosiseaathelioma
that were unseen in rats (Gelzleicheeal., 1999). Thus, the rat is not considered the
preferred model for the study of mesothelioma (Rodelsperger and Woitowitz, héothea
absence of pleural changes in our LA exposure studies appears to be a deficleoncy wit
chosen rat models. Epidemiology, however, has determined a relationship between
occupational and environmental exposure to LA and increased incidences of nwsathel

(Moolgavkaret al., 2010). Donaldsost al., 2010 hypothesized that the fibers that are more
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biopersistent could move from the alveolar spaces to the pleural region and could gventual
lead to carcinogenesis. Studies have also shown that injection of asbestos intaréhe ple
region of rats can cause pleural changes, supporting this hypothesisa(H2010, Cullen

et al., 2002). Based on this hypothesis, the lack of pleural changes seen in our studies could
be attributable to 1) a shorter timeframe after a single bolus instillatnich may not have

been long enough to see translocation of fibers to the pleura and 2) the lack ofityeoisiti

rats to the translocation of fibers.

In accordance with several other studies, we demonstrate progressive and
concentration-dependent fibrotic changes in all rat strains exposed to LAleVdepment
fibrosis after LA exposure has also been recently noted in Fisher 344 ratia(Badih et
al. 2011). The development of proliferative lesions, however, is unique to the SHHF. The
development of the fibrosis has also been noted after exposure to crocidolite (Rbbledo
2000). Furthermore, it is known that other asbestos fibers deposit within the terminal
bronchiolar region of the lung after acute inhalation exposure (Bataaly 1981). The
fibrotic foci in all three strains and the proliferative lesions in SHHFewencentrated at the
terminal bronchiolar junctions, indicating that the injury and disease occurstelud fiber
deposition in the lung. (Robleabal., 2000; Crouch, 1990).

The findings in SHHF, but not WKY or SH, of increased atypical hyperplasia and Fe
accumulation within fiber-laden macrophages at 3 months post exposure prompted us to
further examine the transcriptional activity of the lung using gene &siprearrays. The
results obtained from gene expression arrays do not allow the confirmatiopexffecs
hypothesis, but serve as a hypotheses generating tool and provide insights into observed

pathological findings. We postulated that a snap shot of global gene expressionra the t
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when these lesions begin to appear would allow us to get an insight into the role of Fe
accumulation in the development of hyper plastic lesions in LA-exposed SHHF. tiAéhile
Fe accumulation in macrophages and the development of atypical hyperplastic &6
temporally associated in SHHF, one must also consider the role of underlyomgcchr
baseline oxidative stress and inflammation and genetic abnormalities théiwterto the
disease in interpretation of findings observed from gene expression patterns.

Even though genes regulating numerous metabolic and pathological processes have
been noted to be abnormal at baseline in both SH and SHHF rats, it was surprising to note
that the pathways involved in tumorogenesis were more altered in SHHF both iaebase|
following LA exposure. TP53, an extensively characterized and a major tumorssgpre
gene, was induced only in WKY exposed to LA, but not in SHHF that developed
hyperplastic lesions. SHHF also was shown to have increased KRAS expressgmiiae ba
and a lack of cell-cycle control gene expression compared to WKY, supporting gatablo
findings. The lack of LA-induced changes in genes regulating Fe homeasiggests that
Fe accumulation in animals with this Fe-overload condition may not be direlettgad to
proliferative changes in the lungs of LA-exposed SHHF. Rather, the patsigtibition of
inflammatory gene induction likely due to Fe accumulation in LA-exposed SHHEIR mi
relate to their susceptibility to develop hypeplastic lesions. The SHHFedderbe
susceptible to the development of these lesions after asbestos exposure compareithéo t
animal models, possibly making the SHHF an appropriate model for the studhesfass
induced cell proliferation. It would be of interest to determine if these @raiive lesions

were unique to fiber exposure or could be repeated with other pollutant exposures.
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The speculation that inhibition of inflammation by Fe might result in aberrdnt cel
cycle control and proliferation in SHHF goes against the common notion that irdteonms
the key factor in development of cancer. Here, we try to go beyond the boundaries of the
experimental results in postulating that the presence of chronic inflaomaata result of
genetic predisposition, but not the inflammation induced by environmental insult miglet ca
increased susceptibility to develop cancer. Rather, the inability to mount a robust
inflammation as suggested earlier may predispose one to increased susygebtinigh
failing to initiate appropriate repair mechanisms. Future studies shouldnex@éra role of
Fe accumulation at the site of disease and its contribution to regulation ofaeltontrol.

The role of Fe in the development of these hyperplastic lesions is unclear as
indicated. In the literature, there are conflicting views about the réte of proliferative
changes leading to tumor progression. Studies have demonstrated increased levals of F
tumor sites; however, it is unclear if this accumulation of Fe is causal or ajaense of
tumor development. Many studies believe that the ability of Fe to redox cycle anderodu
ROS may contribute to the oxidative damage to DNA €tal., 2010, Schurkest al., 2004,
Toyokuni, 2011). Others believe that the accumulation of Fe is due to tumor associated
oxidative stress and inflammation (Kukstjal., 2010). Our work at this time is unable to
provide any insight into the role of Fe in cancer development, as we only assessad@cute
sub-chronic time points and the proliferative lesions that did develop were not found to be
progressive.

This work lays the foundation for multiple future research questions. Further
assessment of the toxicity induced by other materials known to bind Fe would beesttinter

in order to determine if the availability of endogenous Fe modifies the inducittg and
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inflammation. We determined in our studies that the movement of Fe from cellular Be pool
was important in modulating the inflammatory response, however, it is necessary to
understand specifically the pool of Fe that is susceptible to Fe sequestratenfibgr. We
postulated in our studies that the fiber would initially take up Fe from the ceadllytactive
Fe pool. Furthermore, we hypothesized that in the situation when no catalyutialy a
cellular Fe is available to bind to inhaled fibers, the removal of Fe from mgbtky toound
protein coordination complexes would occur and may cause a different injury outcome.
Future studies tracking the movement of Fe from the pools need to be done in order to
understand specifically which pool this Fe is coming from and its biological iiphsa
Due to the chronic nature of asbestos-induced diseases and the inability of reentoflie
removed from the lung, the implications of chronic Fe-overload requires furtieatoa.
Another future direction is the use of calculating Fe binding potentialdfensfivith
different physiochemical properties and assessing relativetiesiciThis would allow for
the determination of correlations between the ability of fibers to assd@atiogenous Fe
and a fiber toxic potential given the host endogenous Fe concentrations remain comsant. T
use of different animal models of variable Fe regulation would also be of irttestatly.
All experiments we designed used a one-time intratracheal instillatiobedtas in order to
control dosing between animal models with different minute volumes. However, studies
assessing episodic inhalation exposures over a long period of time would be mstie neali
mimicking the human exposure scenario.

We believe that this project, overall, has scientifically contributed to tliedie
toxicology. First, our project characterized the pulmonary disease statesmoobnused

rat models of CVD. We also were able to characterize a highly humanntgienra of
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asbestos, the LA sample, and determined its ability to associate Fe. Wedatémmined a
unique mechanism by which the acute inflammatory response may be medatébeft
exposure and its inhibition by Fe. Lastly, we assessed the role of Fe ematiiisution to
LA-induced pulmonary disease susceptibility in models of Fe overload and dertezhied
Fe binds LA in vivo.

Since asbestos-induced diseases and the mechanisms of induction have been studied
for decades but many aspects still remain unknown, the continued examination of asbestos
toxicity is needed, as newer technologies for the evaluation of toxieitjade available.

The information obtained from high throughput studies involving diverse animal models
could allow us to determine how acute inflammation induced by asbestos or other pollutants
can lead to the development of lung cancer and other diseases. These resbagshrfiay

have implications influencing the treatment and prevention of asbestos-inducegslisea
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