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Abstract

Evidences from epidemiological studies indicate that exposure to particulate matter
(PM) air pollution contributes to cardiovascular morbidity and mortality. Fine particles
with a diameter <2.5 um (PM,s) have an important role in triggering biological
responses such as thrombosis and inflammation. Diesel exhaust particles (DEPS) with a
mean size of about 0.2 pm are a major component of ambient PM,s. Moreover, the use
of diesel engine powered cars has recently been increasing in the world, because diesel
engines offer better fuel efficiency and lower emissions of carbon dioxide than gasoline
engines, which means that vehicles running on diesel are less responsible for global
warming. However, diesel engines emit more nitrogen oxides and particles than do
gasoline engines. It was reported that DEP extracts (DEPEs) decreased cardiomyocytes
viability and it might be due mainly to reactive oxygen species formation. However, the
mechanisms by which DEPs produce adverse cardiovascular effects at the cellular level
are not fully understood. In this study, we used rat neonatal cardiomyocytes and H9c2
cardiac myoblasts to investigate the effects of DEPEs.

First, we used neonatal rat cardiomyocytes to determine the effects of DEPEsS on
cardiomyocyte hypertrophic response. Exposure to DEPEs (1-15 pg/mL) had no effects
on cardiomyocyte viability. DEPEs treatment was found to elevate not only the cell size
but also the ratio of total protein/cell number; additionally, the gene expression of
hypertrophy markers including brain natriuretic peptide (BNP) and B-myosin heavy
chain (B-MHC) but not atrial natriuretic peptide (ANP) in neonatal rat cardiomyocytes
was also increased, which indicated that DEPEs might induce cardiomyocyte
hypertrophy. Besides, DEPEs also caused an increase in phosphorylation of extracellular
signal-regulated kinases, c-Jun-N-terminal kinase (JNK) and p38 mitogen-activated

\



protein kinases (MAPKS), upstream regulators of ANP, BNP and B-MHC. And protein
kinase C (PKC), one of the upstream regulators of these MAPKS, was also activated.
These results suggested that DEPEs was capable of inducing cardiomyocyte hypertrophy
and implied that a PKC-regulated MAPK pathway may be involved.

On the other hand, we also investigate the effects of DEPEs on H9c2 myoblast
death. After DEPEs (3-25 ug/mL) treatment for 24 hours, cell viability significantly
decreased. DEPEs also increased annexin-V and propidium iodide binding, indicating
that DEPEs could induce apoptosis and necrosis in H9c2 cells. Exposure to DEPES also
caused an increase in phosphorylation of JNK. Expression of endoplasmic reticulum
(ER) chaperone protein glucose-regulated protein 78 and pro-apoptotic factor
C/EBP-homologous protein was augmented after exposure to DEPESs, which could be
reversed by JNK inhibitor. Meanwhile, DEPEs triggered the depletion of intracellular
ATP and increased lactate dehydrogenase release. Collectively, these data showed that
DEPEs could lead to not only apoptosis but also necrosis and induce ER stress through
JNK pathway.

The present study demonstrated that DEPESs prompted neonatal rat cardiomyocyte
hypertrophy and also induced apoptosis as well as necrosis in H9c2 myoblasts. These
data provide the better understanding of potential mechanisms that link DEPs to

toxicological regulation of cardiomyocytes.

Keywords: diesel exhaust particles, cardiomyocyte, H9c2 cell, hypertrophy, apoptosis,

necrosis

Vi



Abbreviations

ANP
BNP
CHOP
DEPs
DEPEs
ER
ERK
GRP78
INK
B-MHC
PKC

PM

atrial natriuretic peptide
brain natriuretic peptide
C/EBP-homologous protein
diesel exhaust particles

DEP extracts

endoplasmic reticulum
extracellular signal-regulated kinase
glucose-regulated protein 78
c-Jun-N-terminal kinase
-myosin heavy chain
protein kinase C

particulate matter

vii



CHAPTER I

Introduction

1. Diesel exhaust particles (DEPS)

1.1 Sources and exposure

Airborne particulate matter (PM) consists of a heterogeneous mixture of solid and liquid
particles suspended in air, continually varying in size and chemical composition in space
and time (Figure 1). The major source of PM, s throughout the world today is the human
combustion of fossil fuel from industry or traffic, biomass burning, heating, cooking,
indoor activities, and nonhuman sources like fires. The primary and secondary National
Ambient Air Quality Standards for PM,s are 15.0 pug/m® annual arithmetic mean
concentrations (Environmental Protection Agency, U.S.A., 2002). Of the motor vehicle
generated air pollutants, diesel motor emissions (DMES) account for a highly significant
percentage. The diesel engine’s popularity expanded because of its excellent fuel
economy and durability, and it requires less maintenance. Diesel is the fuel used in mass
transportation vehicles such as trucks, buses, and trains. Because of their lower per-mile
fuel consumption, diesel engines generally release less carbon dioxide from the tailpipe,
which means that vehicles running on diesel put less global-warming pollution into the
air. However, on an equal horsepower basis, diesel exhaust is 100 times more toxic than
gasoline exhaust. Diesel engines generate up to 100 times more fine particles than
gasoline engines of a similar size (Zielinska et al, 2004). DMEs are a complex mixture
composed of hundreds of constituents in either gas or particulate form, and DEPs are a
major component of ambient PM, 5 (Yan et al, 2008).

1
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Figure I. Particulate matter air pollution size distribution (Brook et al, 2004).

1.2 Composition and physicochemical properties

Gaseous components of DMEs include carbon monoxide, nitric oxides, sulfur
dioxide, and numerous low-molecular-weight hydrocarbons such as aldehydes, benzene,
PAHSs, and nitro-PAHSs. The particles in DMEs are comprised of a carbon core which
adsorbs organic compounds including PAHs and nitro-PAHSs, as well as small amounts
of sulfate, nitrate, and metals. Particles with a diameter <5 pm can be deposited at the
alveoli, but larger particles only reach the proximal airways and are eliminated by
mucociliary clearance (Stuart, 1984). Recent electron microscopy studies suggest that
over 80% of DEPs are =0.1 um; PMy can penetrate the epithelium and vascular walls,
and enter the bloodstream (Sydbom et al, 2001). Therefore, the small size of DEPs
allows them to penetrate deep into the lung, and even reach the blood circulation. Rats

injected systemically with DEPs showed the presence of particles deposition in the



interalveolar interstitial tissue, myocardial interstitium, renal glomeruli, tubules and
interstitium (Nemmar et al, 2010). Additionally, the large surface area of DEPs makes
them an excellent medium for absorbing organics, which are known to have mutagenic

and carcinogenic properties.

1.3 DEPs’ cardiopulmonary effects

Epidemiological studies have reported that ambient air pollution affects the
respiratory tract, and it has systemic and cardiovascular effects as well (de Hartog et al,
2003; Kinzli et al, 2010; Kunzli et al, 2004; Rickerl et al, 2006). Ambient PM air
pollution has been observed to be associated with increased risk of hospital admissions
and deaths attributed to cardiovascular causes (Wellenius et al, 2006; Zanobetti &
Schwartz, 2005). Short-term exposure to particulate air pollution results in an increase
in the susceptibility to ischemia (Pekkanen et al, 2002) and myocardial infarction (Peters
et al, 2001). Risk estimates provided by several cohort studies demonstrate that a
10-pg/m® increase in PM.s exposure is in general positively associated with excess
mortality, largely driven by increases in cardiopulmonary or cardiovascular deaths
(Brook et al, 2010). In previous studies, systemic administration of DEPs not only
induced a significant decrease of heart rate and blood pressure but also triggered
pulmonary inflammation in rats (Nemmar et al, 2007). Spontaneously hypertensive rats
exposed to DEPs exhibited a dose-dependent increase in systolic blood pressure and
heart rate, and it also showed pulmonary inflammatory reaction involving interleukin
(IL)-6, leukotriene B4 and oxidative stress (Nemmar et al, 2009). Besides, there were
more significant elevations of cytokines and albumin-specific immunoglobulin, which
are biomarkers associated with allergy-related changes in the airways, observed among

sensitized mice that were exposed to concentrated fine and ultrafine particles at
3



50 meters downwind than 150 meters downwind of a heavily trafficked freeway system
(Kleinman et al, 2007). Rats instilled with DEPs intra-tracheally showed acute cardiac
dysfunction, including the left ventricular systolic and diastolic dysfunction at 1 day
after the exposure (Huang et al, 2010a). In addition to the circulating cytokines, cardiac
IL-1B expression increased, which might be one of the mechanisms inducing acute
cardiac dysfunction after short-term DEPs exposure. Functional changes and the
increased circulating cardiac troponin 1 levels indicated that short-term DEPs exposure
led to myocardial damage, and necrosis happened. In another study, exposure to diesel
exhaust for 1 month produces a hypertensive-like cardiac gene expression pattern
associated with mitochondrial oxidative stress in healthy rats (Kodavanti et al, 2009). In
cellular level, treatment of DEP extracts (DEPEs) was reported to decrease
cardiomyocyte viability and it might be due mainly to reactive oxygen species (ROS)
formation (Okayama et al, 2006). Relative to participants living more than 150 meters
from a major roadway, participants living within 50 meters of a major roadway had
higher left ventricular mass (Van Hee et al, 2009). A model of isolated atria from guinea
pigs was used to examine the direct toxic action of DEPs (Sakakibara et al, 1994). In
this model, DEPs concentration ranged from 10 to 500 pg/mL induced a transient but
dose-dependent increase in contractile force; DEPs in doses >500 pg/mL, however,
decreased contractile force and induced cardiac arrest. It was concluded that cardiac
toxicity contributes to the lung edema which is known as one prominent cause of death

in DEPs-exposed animal.



2. Cardiac hypertrophy

2.1 Definition

Hypertrophy is used to describe cardiac response to stress under one or a few
specific pathophysiological conditions, in which cardiac enlargement was largely
assumed to be the result of increased cardiomyocyte size (Dorn et al, 2003). It is often
associated with disease, including ischemic heart disease, hypertension and heart failure.
At the cellular level, cardiomyocyte hypertrophy is characterized by an increment in cell
size, increased protein synthesis, and changes in the organization of sarcomeres. In
contrast to developmental growth of heart through hyperplasia, growth of the postnatal
heart occurs primarily through hypertrophy due to significant reduction in cardiac

myoctes proliferation capacity soon after birth.

2.2 Classification

Cardiac hypertrophy is not all detrimental, as extensive aerobic conditioning
through exercise induces a state of physiological growth regarded as adaption in the
long term. Hypertrophy can be classified into two types. One is ‘physiological’, which is
the normal response to healthy exercise or pregnancy, and the other is ‘pathological’,
which is the response to stress or disease (Figure Il) (Barry et al, 2008). Physiological
hypertrophy is reversible and occurs without morbid effect on cardiac function. This
normal growth of heart or in conditioned athletes enhances cardiac output to meet
increased metabolic demands. Pathological hypertrophy occurs in response to
pathological stress signals, such as neurohormonal activation, inflammation or cardiac
injury. It has traditionally been considered to be adaptive initially, allowing the heart to

increase cardiac output and compensate for adverse hemodynamics. In animal models,



inhibition of cardiac hypertrophy with cyclosporine A was demonstrated to result in
increased mortality because of heart failure (Meguro et al, 1999). Prolonged hypertrophy
is, however, associated with a significant increase in the risk for sudden death or
progression to heart failure. At the molecular level, pathological hypertrophy is
characterized by the activation of fetal genes, for example ANP, BNP, and B-MHC,
which are considered and employed as hypertrophic markers (Cameron & Ellmers, 2003,
Rohini et al, 2010). Classically, hypertrophic growth develops in two ways: (1)
concentric hypertrophy due to chronic pressure overload leading to reduced left
ventricular volume and increased wall thickness, and (2) eccentric hypertrophy due to
volume overload or prior infarction causing dilation and thinning of the heart wall.
Eccentric hypertrophy occurs by addition of the contractile sarcomeres in series causing
cell elongation whereas concentric hypertrophy is caused by parallel addition of
sarcomeres and lateral growth of individual cardiomyocytes (Heineke & Molkentin,
2006). Physiological hypertrophy is referred to as eccentric hypertrophy, and

pathological hypertrophy can produce concentric hypertrophy.

Physiological stimuli:

e.g.
*Chronic exercise

Physiological Hypertrophy

Increase in myocyte length
> increase in myocyte
width

N

Pathological stimuli: Increase in myocyte length

<increase in myocyte
width

*Hypertension
*Myocardial infarction
*Genetic polymorphisms

l +Altered cardiac metabolism

Pathological Hypertrophy

i.e. diabetes

Figure Il. Pathological and physiological hypertrophic response to stimuli (Barry et al,
2008).



3. Endoplasmic reticulum (ER) stress

3.1 Definition

The ER is the first compartment in an ordered membranous network called the
secretory pathway. Two primary functions of the ER are to (1) process nascent
polypeptide chains so that properly modified proteins can be transported to the Golgi
apparatus and (2) maintain internal stores of Ca®* (Harr & Distelhorst, 2009). For
example, GRP78, which is the ER-located member of the family of heat shock protein
70 molecular chaperones, promotes the folding of hydrophobic regions in polypeptides
to the interior in a Ca®*-dependent manner (Gething, 1999). If the influx of nascent,
unfolded polypeptides exceeds the folding and/or processing capacity of the ER, the ER
homeostasis is compromised. Perturbation of ER-associated functions leads to ER stress
via the activation of complex cytoplasmic and nuclear signaling pathways, collectively
termed the unfolded protein response (UPR), also known as misfolded protein response,
resulting in upregulation of expression of ER resident chaperones, facilitating the
degradation of misfolded proteins and inhibiting protein synthesis to return the ER to its
normal physiological state. When these adaptive responses are not sufficient to relieve
ER stress, cells subjected to sustained and irreversible stress undergo programmed cell

death.

3.2 UPR signaling

Three steps are involved in UPR activation. First, translation is attenuated to avoid
further accumulation of misfolded proteins in the ER; second, chaperone and protein
folding genes are activated transcriptionally; and the last, ER-associated degradation is

activated in an attempt to rectify the accumulation of misfolded protein (Schroder &



Kaufman, 2005b). The UPR to ER stress can be initiated by activating three ER
membrane receptors to initiate adaptive responses, including protein kinase RNA
(PKR)-like ER kinase (PERK), inositol-requiring protein-1 (IRE1), and the
transcriptional factor activating transcription factor-6 (ATF6) (Kaufman, 2002; Kim et
al, 2008; Ron & Walter, 2007). These receptors are located with their N-terminus inside
the lumen of the ER and their C-terminus in the cytosol, thereby connecting the ER with
the cytosol. All three receptors are maintained in an inactive state through the
interaction of their N-terminus with GRP78. When unfolded proteins accumulate in the
ER, GRP78 releases these receptors to allow their activation (Figure Ill). PERK is
activated first, rapidly followed by ATF6, whereas IREL is the last. Activated PERK
phosphorylates eukaryotic translation initiation factor 2 (elF2a) and consequently blocks
its translation. However, elF20. phosphorylation enables translation of ATF4, which
occurs through an elF2a-independent translation pathway. ATF4 translocates to the
nucleus and induces the UPR-related genes. ATF6 is activated by limited proteolysis
after its translocation from the ER to the Golgi apparatus. ATF6 is also a transcription
factor and activates a subset of the UPR-related genes, including X-box binding protein
1 (XBP1). To achieve its active form, XBP1 must undergo mRNA splicing, which is
carried out by IRE1. The three arms of the UPR, including ATF4, XBP1 and ATF®6, all
of which can induce transcription of CHOP, coordinately regulate the transcription of
UPR-related genes encoding ER chaperones and protein folding enzymes to reduce the

accumulation of unfolded proteins.
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Figure 111. The unfolded protein response (Szegezdi et al, 2006).

3.3The relationship of DEPs and ER stress

A recent study on the molecular basis of PM,s-induced intracellular events has
highlighted the activation of a pathophysiological ER stress response upon PM;s
exposure (Laing et al, 2010). It suggested that PM, s exposure differentially activates the
UPR branches in C57BL/6 male mice, leading to ER stress-induced apoptosis through
the PERK-elF2a-CHOP UPR branch. PM; 5 also caused the upregulation and activation
of caspase-12, and also induced ER stress in human bronchial epithelial cells (Watterson
et al, 2009; Watterson et al, 2007). Similarly, the human bronchial epithelial cells
treated with organic DEP extracts were showed an induction in a proinflammatory
response accompanied by the UPR, such as Hsp70, ATF4, IL-6, and IL-8 (Jung et al,
2007). In addition, 1-nitropyrene (1-NP) is one of the most abundant nitro-PAHS in
diesel exhaust and a major contributor to the mutagenicity of diesel exhaust particulate
matter. And previous study has demonstrated that low levels of 1-NP (=10 uM)

induced DNA damage, increased intracellular ROS levels and increased protein



expression of the ER stress chaperone GRP78 in human umbilical vein endothelial cells

(Andersson et al, 2009).

3.4ER in the heart

As other cells, cardiac cells require ER membrane for housekeeping functions like
protein turnover, modification and folding. ER in cardiomyocytes is involved in
continuous turnover and synthesis of many membrane proteins including ion channels
gap junction components and cell surface receptors (Mesaeli et al, 2001). The ER in
non-muscle cells and SR in cardiac and skeletal muscle cells are also considered one of
the most important and metabolically relevant sources of cellular Ca** for variety of
functions including secretion, contraction-relaxation, cell maotility, cytoplasmic and
mitochondrial metabolism, protein synthesis, modification and folding, gene expression,
cell cycle progression and apoptosis (Clapham, 1995; Pozzan et al, 1994). In the
myocardium, the ER involves in maintenance of cellular Ca?* homeostasis and synthesis
of secretory proteins such as ANP, BNP (Forssmann et al, 1989), and vascular
endothelial growth factor (Ozawa et al, 2001). Thus, dysfunction of the ER might

contribute to heart diseases.

3.5 ER stress in the heart

A concept of the ER stress response was first described more than 2 decades ago
(Kozutsumi et al, 1988), but only recently has it received significant attention by the
cardiovascular community. The UPR and/or ER-initiated apoptosis have been
implicated in the pathophysiology of various cardiovascular diseases such as cardiac
hypertrophy, heart failure, atherosclerosis, and ischemic heart disease (Table I). Heat,

hypoxia, ischemia, disease, glucose and metabolic starvation are potent inducers of the
10



ER stress. The response to ER stress occurs in two phases (Groenendyk et al, 2010).
First, the pathway is turned on in an attempt to address one consequence of the insult,
the accumulation of protein in the ER. The fetal gene program is also activated in
attempt to remodel the diseased tissue. If the heart continues being stressed, the UPR
triggers autophagy and apoptosis to deal with the problem. This may ultimately result in
heart failure and death. Therefore, the response to insult or injury can be classified into a
pathologically relevant ER stress response and physiologically relevant ER stress
response. XBP1 and ATF6 mediate induction of ER chaperones, protecting the heart
from ischemia/reperfusion injury (Martindale et al, 2006), whereas activation of the
PERK/ATF4/CHOP branch of the UPR triggers the pro-apoptotic signals. Recent
observations indicate that in the heart, the UPR is activated during acute stresses,
including ischemia/reperfusion, as well as upon longer term stresses that lead to cardiac
hypertrophy and heart failure. For example, GRP78, CHOP, caspase-12, and
phospho-JNK were significantly increased in rats with abdominal aortic coarctation
(Guan et al, 2011). ATF6 was activated by ischemia but inactivated upon reperfusion in
a cultured cardiomyocyte model system of simulated ischemia/reperfusion, suggesting
that it may play a role in the induction of ER stress response genes during ischemia that
could have a preconditioning effect on cell survival during reperfusion (Doroudgar et al,
2009). Mice subjected to transverse aortic constriction had cardiac hypertrophy and
failure and showed an induction in prolonged ER stress, which might contribute to
cardiomyocyte apoptosis during progression from cardiac hypertrophy to failure
(Kitakaze & Tsukamoto, 2010; Okada et al, 2004). Besides, ER Ca** depletion occurs in
the presence of ER stress inducer thapsigargin. Increases in cytosolic Ca®* through
changes in excitation-contraction coupling in cardiomyocytes such as that demonstrated
for angiotensin Il (Gusev et al, 2009) may drive the hypertrophic pathway and lead to

11



ER stress induction because of ER Ca* depletion. On the other hand, CHOP has shown
to be responsible for ER stress-induced Puma, p53-upregulated modulator of apoptosis,
activation during neonatal cardiomyocyte apoptosis (Nickson et al, 2007).
Cardiomyocytes treated with imatinib showed activation of the ER stress response,
collapse of the mitochondrial membrane potential, release of cytochrome c into the
cytosol, reduction in cellular ATP content and cell death (Kerkeléd et al, 2006). In
cardiomyocytes, activation of AMP-activated protein kinase (AMPK) contributes to
protection of the heart against hypoxic injury through down regulation of ER stress
(Terai et al, 2005). And inhibition of protein synthesis via eukaryotic elongation factor 2
inactivation may be the mechanism of cardioprotection by AMPK. Overexpression of
ATF6, GRP78 and Derlin3 protects cardiomyocytes from ischemia/reperfusion damage

(Belmont et al, 2009; Fu et al, 2008; Martindale et al, 2006)

Table I. ER stress and cardiovascular disease (Minamino & Kitakaze, 2010).

Diseases Role of ER stress Target protein
Hypeterophic heart = Pressure-overload to heart induces UPR = GRP78
Failing heart = ER stress is induced in human failing hearts = GRP78

= Pressure-overload to heart finally leads to cardiac apoptosis associated with CHOP induction = CHOP

« Impairment of a retrieval receptor for ER chaperones causes heart failure and CHOP induction « KDEL/CHOP
Autoimmune cardiomyopathy = Autoimmune cardiomyopathy induced by beta-adrenergic receptor peptide is associated with ER stress  « p38/CaMKII

« ATFG/GRP78/CHOP

Alcoholic cardiomyopathy « Alcohol induces myocardial ER stress = GRP78/CHOP
Ischemic heart = PDI is induced in cardiomyocytes near myocardial infarction in humans = PDI

= GRP94 plays cardioprotective role against hypoxic insult = GRP94

= ATF6 protects the myocardium from ischemic,/reperfused myocardium = ATFG/GRP78/GRP94

= Hypoxia induces CHOP and caspase 12 activation, which is inhibited by AMP-activated kinase = ATF6/CGRP78/GRP94

« PUMA inhibits cardiomyocyte cell death by ER stress « PUMA
Cardiotoxicity of anti-cancer drug  « Imatinib induces cardiomyocyte cell death assaciated with ER stress and JNK activation = JNK

« Proteasome inhibition induces cardiomyocyte cell death via CHOP « CHOP
Atherosclerosis = Oxidative stress causes macrophage apoptosis via CHOP = CHOP

= UPR and ER-initiated apoptosis in macrophage in atherosclerotic lesions

= Increased CHOP induction in ruptured atherosclerotic plaques = CHOP
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4. Specific aims

Numerous Epidemiological Studies have reported consistent associations between
exposures to particulate air pollution and cardiovascular mortality and morbidity. In
particulate air pollution, DEPs with a mean size of about 0.2 um are a major component
of PM_s. Previous study demonstrated that traffic exposure is associated with higher left
ventricular mass in adults. In cellular level, it was reported that DEPEs decreased
cardiomyocytes viability and it might be due mainly to reactive oxygen species
formation. However, the mechanisms by which DEPs produce adverse cardiovascular
effects at the cellular level are not fully understood. The present study is designed to
examine the actions and possible mechanisms of DEPs on growth and function of

cardiomyocytes.
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CHAPTER |1
Materials and Methods

1. Reagents and Antibodies

Standard diesel particulate matter (DPM, SRM 2975) was purchased from National
Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). Anti-phospho
(P)-p38, anti-P-JNK, anti-GRP78, anti-CHOP, secondary horseradish peroxidase
(HRP)-conjugated antibodies, and polyclonal rabbit anti-desmin antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-PKC
was from Cell Signaling Technology (Danvers, MA, USA). FITC-goat anti-rabbit IgG
secondary antibodies were purchased from Zymed Laboratories (South San Francisco,
CA, USA). Hoechst 33258 nuclear dye and SP600125 (JNK inhibitor) were obtained

from Sigma—Aldrich Corporation (St. Louis, MO, USA)

2. Preparation of DEPEs

This method was carried out using a protocol modified from Tzeng et al.
(2003). Certified values for concentrations are provided for 11 PAHSs in
Table 1 (National Institute of Standards and Technology, 2009). Reference
values for concentrations are provided for 28 additional PAHs in Table 2 and
for 17 nitro-substituted PAHs in Table 3 (National Institute of Standards and
Technology, 2009). In brief, DEPs were immersed in solvent
(dichloromethane : n-hexane [1:1, v/v]) in the dark for 18 hours (Escobal et al, 1997).

And the DEPs were then sonicated for 1 hour and centrifuged at 6,000 rpm for 15 min at
14



4°C. The supernatant was filtered by HPLC filter to obtain the DEPEs solution (Figure
IV). The mixture was resuspended in solvent, sonicated and centrifuged at 6,000 rpm for

15 min at 4°C. The three steps were repeated for 4 times. The DEPEs solution was

concentrated by a vacuum evaporator to get DEPEs (Figure V). Vacuum evaporation is
the process of causing the pressure in a liquid-filled container to be reduced below the
vapor pressure of the liquid, causing the liquid to evaporate at a lower temperature than
normal. The crude DEPEs was dried by air flow, weighed, dissolved in dimethyl
sulfoxide (DMSO) at a desired concentration, and stored at -20°C. After DEPEs were
diluted by a certain medium, the final concentration of DMSO was 0.05 %

(VIV).

Vacuum pump

y Collection
Vacuum pump flesk

Hot water bath

Figure IV. Filtration system. Figure V. Vacuum evaporator.

3. Preperation of Neonatal Rat Cardiomyocytes

This method was carried out using a protocol modified from Cheng et al.
(1999). Primary cultures of neonatal rat cardiomyocytes were prepared from ventricles
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of 1- to 3-day-old neonatal Wistar rats. Briefly, hearts were cut into chunks of
approximately 1 mm?® using scissors and treated with pancrease (Sigma—Aldrich

Corporation) at 37°C for 15 min. Pancrease digested cells were collected by

centrifugation at 1,600 rpm for 3 min. The cell pellets were resuspended in F10 medium
containing 20% (v/v) fetal bovine serum (FBS) and plated into a Petri dish for 2 hours.
The nonattached myocytes in the F10 medium (Sigma-Aldrich Corporation) were
collected and centrifuged at 1,600 rpm for 3 min. The cell pellets were resuspended in
Dulbecco’s modified Eagle medium (DMEM; Gibco) containing 0.1 mM
5-bromo-2'-deoxyuridine (BrdU; Sigma—Aldrich Corporation) and 10% (v/v) FBS. The
cells were then seeded on culture dishes at an appropriate cell density and cultured at
37°C in 95% air-5% CO,. After 2 days, cardiomyocytes obtained were 80% pure as
revealed by their contractile characteristics under light microscopy. The culture medium
was changed to fresh DMEM containing BrdU and 0.2% (v/v) FBS for 12 hours before

exposure to DEPEs.

4. HI9c2 Cell Cultures

H9c2 cells derived from embryonic rat heart myocardium were obtained from
American Type Tissue Collection (ATCC, Rockville, MD, USA). The cells were grown
in DMEM supplemented with 10% FBS at 37°C in 95% air-5% CO,. When they
reached 70-85% confluency, the cells were washed with phosphate-buffered saline
(PBS) (pH 7.4), trypsinized, and centrifuged at 1,000 rpm for 5 min. the cell pellets
were resuspended in DMEM containing 10% (v/v) FBS and further passaged or
appropriately treated. The culture medium was changed to fresh DMEM 1% (v/v) FBS

for 12 hours before exposure to DEPEs.

16



5. Preparation of Total Cell Lysates

Cells were washed with ice-cold PBS and lysed with RIPA buffer (20 mM Tris-HCI
(pH7.4), 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 0.1%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium fluoride
(NaF), 1 pg/ml leupeptin, and 1 pg/ml aprotinin). PMSF and NaF in the buffer were the
serine protease inhibitor and phosphatase inhibitor, respectively. The lysates were left
on ice for 10 min, and centrifuged at 10,000 rpm for 10 min at 4°C. The supernatants
were normalized for protein concentration by BCA™ Protein Assay Kit (PIERCE) with

bovine serum albumin as standard.

6. Western Blotting

Equal amounts of proteins (50 pg per lane) were subjected to 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis followed by electrotransfer to polyvinylidene
difluoride membranes (Millipore Corporation, Bedford, MA, USA). The membranes
were blocked with 5% nonfat powder milk in 0.1% Tris-buffered saline + Tween 20

(TBST) for 1 hour and probed with various primary antibodies at 4°C. Subsequently,

membranes were washed three times with 0.1% TBST and incubated with secondary
HRP-conjugated antibodies at room temperature for 1 hour. After three washes, the
signals were visualized by an enhanced chemiluminescence reagent detection system

according to the manufacturer’s protocol (Millipore Corporation).

7. Measurement of Cell Viability

The vyellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium salt (MTT;

Sigma-Aldrich Corporation) is reduced by mitochondrial succinate dehydrogenase in
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viable cells to form insoluble purple formazan crystals, which are solubilized by DMSO.
In brief, cells seeded in 96-well plates were treated with DEPESs for 24 hours and then
stained with MTT (0.5 mg/ml) for 4 hours. The media were removed, and formazan
crystals produced were dissolved in 100 uL DMSO (Sigma-Aldrich Corporation). The

absorbance was measured at 570 nm.

8. Lactate Dehydrogenase (LDH) Release Assay

After exposure to DEPEs for 24 hours, the amount of LDH leaked from the cytosol
of damaged cells into the medium was detected. The released LDH was quantified by
Cyto 96° Non-Radioactive Cytotoxicity Assay (Promega Corporation, Madison, WI,
USA) according to the manufacturer's instructions. The absorbance was measured at 492

nm.

9. Analysis of Intracelluler ATP Levels

The intracellular ATP content was measured by Adenosine 5’-triphosphate
bioluminescent assay kit (FL-AA, Sigma-Aldrich Corporation). After exposure to
different concentrations of DEPEs for 24 hours, cells were washed two times with PBS
and lysed with RIPA buffer. The lysates were centrifuged at 10,000 rpm for 10 min at
4°C. Subsequently, 100 puL supernatant and 100 pL ATP Assay Mix solution were
mixed and immediately measured the amount of light produced with Orion L Microplate

Luminometer (Berthold Detection Systems, Bad Wildbad, Germany).

10. Annexin V-FITC apoptosis detection

H9c2 cells were cultured in 6-well plates. Cells were treated with DEPEs for 24
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hours, and then apoptosis was assessed by using an annexin V-FITC apoptosis detection
kit (Becton Dickinson, Franklin Lakes, NJ, USA). In brief, cells were dissociated by
0.05% trypsin/EDTA for 3 min, and then centrifuged at 1,000 rpm for 5 min and
re-suspended in 100 uL 1X binding buffer, and transferred into a 5 mL FACS tube, and
added 5 pL annexin V-FITC (conjugated with fluorescein isothiocyanate) and 10 pL
propidium iodide (PI). After incubation for 30 min at room temperature in dark, 400 uL
of 1X binding buffer was added to each tube and the samples were immediately

analyzed using a FACS flow cytometer.

11. Total RNA Extraction

Total RNA was isolated from cells with TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA) (1 mL to 1 x 10° cells), followed by chloroform extraction and isopropanol
precipitation. The RNA was washed with 75% ethanol, resuspended in RNase-free

water and, incubated at 65°C for 5 min.

12. Real-time Reverse Transcription-Polymerase Chain

Reaction

1 ng RNA was reverse transcribed using SuperScript™ III First-Strand Synthesis
System (Invitrogen). The RT reaction products were diluted to the volumes of 256 pL,
and 1-uL aliquots were used as template. The mRNA expression levels were quantified
by StepOne Real-Time PCR Detection Systems (Applied Biosystems, Warrington, UK)
using SYBR® GreenER™ gPCR SuperMix (Invitrogen). Thermal cycler conditions

were initiated at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 15
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s, and annealing/extension at 60 °C for 1 min. Polymerase chain reaction products were
confirmed by melting curve analysis to ascertain the specificity of the primers and the
purity of the final PCR product. The sequences of the primers used are shown in table 4.
The mRNA expression was normalized to expression of the housekeeping gene GAPDH

amplified in a separate reaction.

13. Measurement of Protein Content Per Cell

After treatment with DEPEs for 24 hours, cells were trypsinized and washed twice
with PBS. Cells were then collected via centrifugation at 1,000 rpm for 5 min, stained
with trypan blue, and the viable cells were counted by microscopic examination. Cells
were lysed with RIPA buffer as described above, and the lysates was centrifuged at
10,000 rpm for 10 min at 4°C. Protein concentration in the lysates was measured using
BCA™ Protein Assay Kit (PIERCE). Protein content per cell was determined by

dividing the total amount of protein by the cell number.

14. Immunofluorescence

This method was carried out using a protocol modified from Liu et al.
(2009). To measure the cell size of cardiomyocytes, cells cultured in 12-well plates were
washed with PBS followed by fixation with 4% paraformaldehyde in PBS at room
temperature for 10 min. After three washes, the cells were permeabilized with 0.2%
Triton-100 for 5 min at room temperature. Non-specific binding of the fixed cells was
blocked with PBS containing 2% bovine serum albumin for 1 hour, and cells were
incubated overnight at 4°C with polyclonal rabbit anti-desmin antibody diluted with

blocking solution to 1:200. After three washes with PBS, cells were incubated for 1
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hour at room temperature in the dark with FITC-goat anti rabbit 1gG secondary
antibodies diluted in blocking solution to 1:1,000. Finally, Hoechst 33258 nuclear dye
was added with secondary antibodies at a final concentration of 1 pg/mL for 15 min, and
cells were washed three times in PBS. Fluorescent images were captured by a Leica
DMIL inverted microscope equipped with a charge-coupled device camera and SPOT
software, version 4.6 (Diagnostic Instruments, Sterling Heights, MI, USA). Cell surface
areas were measured by morphometric analysis of desmin-stained cardiomyocytes using

Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA).

15. Statistical Analysis

Results are expressed as means + S.E.M. for at least three independent experiments.
Differences between two groups were evaluated by using the Student’s t-test. P<0.05

was considered statistically significant.
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CHAPTER 111

Results

Part I: Effects of DEPESs on neonatal rat cardiomyocytes

1.1 Effects of DEPEs on neonatal rat cardiomyocyte viability
After incubation with various concentrations of DEPEs (1, 5, 10, 12.5, and 15
ug/mL) for 24 hours, there were no significant changes on neonatal rat cardiomyocyte

viability (Figure 1).

1.2 DEPEs induced cardiomyocyte hypertrophy.

To evaluate the effects of DEPEs on cellular hypertrophy in cardiomyocytes,
neonatal cardiomyocytes was treated with DEPEs and subjected to immunofluorescence
analysis for measuring cellular area size (Figure 2A). After incubation with various
concentrations of DEPEs (0.1, 0.5, 1, and 5 pg/mL) for 24 hours, a marked increase in
cell size was observed at 5 ug/mL DEPEs. The quantitative results showed that the size
area of neonatal cardiomyocytes treated with 5 ug/mL DEPEs for 24 hours significantly
increased by approximately 2.4 fold. And hypertrophy determination showed that the
total protein/cell numbers were increased to 112%, 126% and 161% by treatment of 0.5,
1 and 5ug/mL DEPEs for 24 hours, respectively. These results suggested that DEPEs

induces cardiomyocyte hypertrophy.
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1.3 DEPEs induced upregulation of pathologic hypertrophy marker BNP and

B-MHC but not ANP in neonatal rat cardiomyocytes.

To further understand whether the expression of genes associated with myocardial
pathologic hypertrophy was induced by DEPEs treatment, the mRNA expression levels
of the fetal genes ANP, BNP, and B-MHC were analyzed by real-time RT-PCR
following the administration of DEPEs (Figure 2C). Cultured cardiomyocytes were
treated with various concentrations of DEPEs (0.1, 0.5, 1 and 5 ug/mL) for 24 hours and
subsequently subjected to real-time RT-PCR analysis. The mRNA levels of BNP and
B-MHC were elevated. The results suggested that DEPEs statistically lead to the

increases in gene expression of hypertrophic markers BNP and B-MHC but not in ANP.

1.4 DEPEs induced activation of PKC, p38, ERK, and JNK in cardiomyocytes.

The results in Figure 2 indicated that DEPEs treatment markedly promoted the
development of myocardial hypertrophy; therefore, the molecular events involved in
cardiac hypertrophic process were further examined. Activation of p38 and JNK
signaling pathways has been reported to enhance hypertrophic markers (ANP, BNP, and
B-MHC) expression, and subsequently lead to cardiac hypertrophy (Huang et al, 2010b).
To examine if phosphorylation of p38 and JNK was induced by DEPES, neonatal rat
cardiomyocytes were treated with 5 pg/mL DEPEs for various time periods (0.5, 1, 2, 6,
and 12 hours) followed by western blot assay (Figure 3). DEPEs significantly induced
the phosphorylation of p38 and JNK within 1 hour. Activation of ERK, which is
implicated in the development of cardiac hypertrophy (Muslin, 2008; Zou et al, 2001),
was also increased within 1 hour (Figure 3). The results showed that DEPEs elevated
the expressions of MAPKs (p38, JNK, and ERK). Besides, PKC is one of upstream

regulators of these MAPKs (Frey & Olson, 2003), and its expression level was
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determined by western blot assay. DEPEs treatment also resulted in activation of PKC
(Figure 3). These results suggested that DEPEs induces myocardial hypertrophy through

PKC-mediated MAPKSs pathway.
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Part 11: Effects of DEPEs on H9c2 cells

2.1 DEPESs reduced H9c2 cell viability.

To examine the cytotoxic effects of high dose of DEPEs on H9c2 cell viability,
cells were treated with various concentrations of DEPEs (3, 15, and 25 pg/mL) for 24
hours. The cell viability of H9c2 cells was significantly reduced at concentrations 15

and 25 pg/mL in a dose-dependent manner (Figure 4).

2.2 DEPEs induced apoptosis in H9c2 cells.

The externalization of phosphatidylserine (PS) is an early event in apoptosis.
Annexin V was shown to interact with PS and can be used to detect apoptosis by
targeting for the loss of plasma membrane asymmetry (van Engeland et al, 1998). To
examine whether apoptosis is involved in DEPEs-induced cytotoxicity in H9c2 cells,
cells were incubated with 15 and 25 pg/mL DEPEs for 24 hours. Exposure to DEPEs
(25 pg/mL) statistically increased the annexin V-PI positive cell population (Figure 5).
These results indicated that exposure to high dose of DEPEs could induce apoptosis in

H9c2 cells.

2.3 Exposure to DEPEs increased activation of JNK, ER chaperone GRP78 and
pro-apoptotic factor CHOP.

ER stress has shown to be associated with apoptosis. To examine whether ER stress
plays an important role in DEPEs-induced apoptosis in H9c2 cells, cells were treated
with 3, 15, and 25 pg/mL DEPEs for 24 hours. There was an increase in expression of
GRP78 and CHOP after 25 pg/mL DEPEs treatment for 24 hours (Figure 6). H9c2 cells
were then exposed to 25 pg/mL DEPEs for various time periods (3, 6, and 24 hours),
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and the protein levels of GRP78 and CHOP were elevated after incubation for 24 hours
(Figure 7A). Many studies have demonstrated that JNK is related to ER stress (Schroder
& Kaufman, 2005b; Szegezdi et al, 2006). And a short-term exposure to DEPEs found
that JINK was phosphorylated within 1 hour (Figure 7B). These results showed that
DEPEs activated JNK and induced the expression of ER stress markers GPR78 and

CHOP.

2.4 P-JNK mediated DEPEs-induced upregulation of GRP78 and CHOP.

DEPEs activated of JNK prior to activation of ER stress markers, GRP78 and
CHOP. In order to further identify the signal transduction pathway involved in the
mechanism behind DEPEs-induced cytotoxicity, H9c2 cells were pretreated with
SP600125 (JNK inhibitor) for 1 hour and followed by the administration of DEPEs (25
pug/mL) for 1 hour (Figure 8A) and 24 hours (Figure 8B). The cells were lysed and
subsequently subjected to western blot assay to assess the effects of the JNK inhibitor
on DEPEs-induced ER stress markers. The results showed that SP600125, JNK
inhibitor, completely suppressed DEPEs-induced expression of GRP78 and CHOP,

suggesting that DEPEs induced ER stress through JNK pathway.

2.5 Necrosis is also involved in DEPEs-induced cytotoxicity.

In figure 5, treatment of 25 pg/mL. DEPESs also caused an increase in Pl-positive
H9c2 cell population. To confirm if necrosis is involved in DEPEs-induced cytotoxicity,
H9c2 cells were treated with 3, 15, and 25 pg/mL DEPEs for 24 hours. LDH leakage, as
a marker of cell membrane damage due to necrosis, was measured. And LDH released
from H9c2 cells was significantly increased at 24 hours after DEPEs administration
(Figure 9A). Loss of intracellular ATP level is another characteristic of necrotic cell

26



death, and it was decreased after DEPEs treatment (Figure 9B). These results indicated

that DEPEs induced necrosis in H9c2 cells.
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CHAPTER IV

Discussion

Part I: Effects of DEPESs on neonatal rat cardiomyocytes

Cardiac hypertrophy is a common endpoint of many cardiovascular diseases and is
characterized by an increase in cardiomyocyte size and protein content. Because of the
small sizes of DEPs, they can penetrate the epithelium and vascular walls, and enter the
bloodstream. Therefore, the toxicity of organic and inorganic constituents of the
particles is important. The present study demonstrated that DEPEs induced
cardiomyocyte hypertrophy, in which PKC-mediated MAPK pathway might be
involved.

In this study, 1 to 15 pg/mL DEPEs had no significant effects on neonatal rat
cardiomyocyte viability. Under this condition, the toxic effects of DEPEs on
cardiomyocytes were investigated. DEPEs (5 ug/mL) increased cardiomyocyte size and
the ratio of total protein/cell, which are characteristics of cardiac hypertrophy.
Meanwhile, the mRNA levels of hypertrophic markers BNP and s-MHC were enhanced.
These data suggested that DEPEs can induce cardiomyocyte hypertrophy. This finding is
consistent with the observation that traffic exposure is associated with higher left
ventricular mass in adults (Van Hee et al, 2009).

Hypertrophy can cause alterations in contractile protein compositions, including
reactivation of f-MHC, skeletal a-actin, and myosin light chain-2 genes (Chien et al,
1991). It can also result in induction of non-contractile protein genes such as ANP and

BNP (Cameron & Ellmers, 2003; Rohini et al, 2010). ANP and BNP defend against
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increased hemodynamic load by decreasing blood pressure, regulating fluid homeostasis
by increasing salt and water excretion, and regulating several hormones, such as
angiotensin 11, endothelin-1, and vasopressin. ANP and BNP are predominantly located
in the cardiac atria and ventricle, respectively. BNP is also found in atria. Both ANP and
BNP decrease plasma volume and blood pressure in response to an increased tension of
the respective cardiac chamber (Krishnaswami, 2008). Activation of ERK and p38
MAPKSs by hypertrophic agonist or by activated upstream kinase was reported to lead to
phosphorylation of GATA-4, and analysis of the ANP and BNP promoter regions has
also revealed binding sites for GATA-4 (Kerkela et al, 2002). Besides, full induction of
B-MHC in pressure-overloaded rat hearts requires intact GATA binding elements in the
promoter regions (Pikkarainen et al, 2004). And Induction of ERK and JNK pathways
could induce BNP promoter activity independently of GATA-4 binding (Kerkela et al,
2002). Thus, MAPKSs are able to induce gene expression of hypertrophic markers, ANP,
BNP, and s-MHC. In the present study, DEPEs induced the activation of MAPKSs and
these hypertrophic markers in neonatal rat cardiomyocytes, which indicated that DEPEs
might elevate gene expression levels of the hypertrophic markers through MAPKSs
pathway.

It has been hypothesized that ER stress is a pathogenic factor responsible for
inducing cardiac hypertrophy. In most cell types, phosphorylation of elF2a is involved
in the initiation of the UPR, leading to a general inhibition of protein synthesis
(Schroder & Kaufman, 2005a); however, dephosphorylation of elF2a via ATF4 induced
expression of CHOP and induction of GADD34 reverses the inhibition (Wek et al,
2006). ER stress may induce protein synthesis directly in cardiomyocytes, and thereby
cause cell enlargement and cardiac hypertrophy (Dickhout et al, 2011), but the
mechanisms by which ER stress induces protein synthesis in cardiomyocytes are still

29



unknown. On the other hand, angiotensin Il, a known mediator of cardiac hypertrophy,
has been shown to induce ER stress in rat cardiomyocytes by increased ER chaperone
and CHOP expression (Okada et al, 2004). Therefore, ER stress can be involved in
DEPEs-induced cardiomyocyte hypertrophy.

A variety of organic and inorganic constituents of DEPs have the potential to cause
ROS generation. Inhaled particles that deposit within the distal lung have the potential
to generate ROS, depending on the surface area of the particle and the reactive
composition of the particle. Many transition metals present on particles serve as
catalysts for ROS production. DEPs and lipopolysaccharide from gram negative bacteria
have also been shown to stimulate generation of ROS in alveolar macrophages (Bonner,
2007). Besides, angiotensin Il increases f-MHC gene expression in part via the
generation of ROS (Shih et al, 2001). It was reported that DEPES decreased neonatal rat
cardiomyocytes viability and it might be due mainly to ROS formation (Okayama et al,
2006). And ROS has shown to participate in activation of p38 and JNK via apoptosis
signal-regulating kinase 1 (Saitoh et al, 1998). Collectively, it suggested that ROS might

be involved in DEPEs-induced cardiomyocyte hypertrophy.
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Part 11: Effects of DEPEs on H9c2 cells

Many studies have reported that DEPs induce oxidative stress, which played a key
role for cascade activation during DEPEs-induced cellular injury (Bonner, 2007;
Okayama et al, 2006). In the present study, 15 and 25 ug/mL DEPEs significantly
reduced H9c2 cell viability, where apoptosis and necrosis coexist.

After exposure to DEPEs extracted at different times, sometimes apoptotic and
necrotic cell population both could be observed, and sometimes only necrotic cell
population could be detected. DEPESs extracted at different times may vary in contents
of organic compounds. Although the procedures of extraction were standardized as
possible, there still may be some inaccuracies. Components of DEPEs should be
standardized after every extraction, and this is the disadvantage of extraction.

Compared with DEPEs-induced cytotoxicity in neonatal rat cardiomyocytes at same
dose, DEPEs seemed to cause more severe cytotoxicity in H9c2 cells. Although H9c2
cells and neonatal rat cardiomyocytes were reported to show similar hypertrophic
responses in vitro (Watkins et al, 2010), they are still different in some ways. First,
H9c2 cells are premature cardiac myoblasts, whereas neonatal rat cardiomyocytes are
mature. Second, H9c2 cells have good proliferation ability but neonatal rat
cardiomyocytes do not. Third, neonatal rat cardiomyocytes have contractile
characteristics, and H9c2 cells are not contractile. The reason that DEPEs have more
cytotoxic effects on H9c2 cells than that on neonatal rat cardiomyocytes may be that the
latter have encountered some stress before being isolated from rats. But the exact
differences of cytotoxicity between neonatal rat cardiomyocytes and H9c2 cells should
be determined under the same dose treatment.

The present study showed that DEPESs induced not only ER stress but also apoptosis

in H9c2 cells. Previous study has demonstrated that JNK inhibition prevented the
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UPR-dependent human aortic smooth muscle cell death induced by 7-ketocholesterol
(Pedruzzi et al, 2004). However, lead induces ER stress, but the induction of GRP78
and GRP94 expression via the JINK-AP-1 pathway functions as a defense mechanism
against lead-induced cytotoxicity in vascular endothelial cells (Shinkai et al, 2010).
Therefore, ER stress induced by DEPESs in H9c2 cells may be the cause of apoptosis, or
it may play a protective role. Besides, 7-ketocholesterol and lead both could induce ER
stress marker GRP78 through the activation of JNK, which is consistent with the
responses of H9c2 cells to DEPEs in this study.

In mouse macrophage cell line, DEPs induced apoptosis via p53 and Mdm2 (Yun et
al, 2009). DEPs also produced DNA damage in the Chinese hamster lung fibroblast
(V79) cell line (Gu et al, 2005). In neonatal rat cardiomyocytes, DEPEs extracted from
PBS containing 0.05% Tween 80 induced cytotoxicity via ROS production. And in this
study, DEPEs extracted from organic solvent induced neonatal rat cardiomyocyte

hypertrophy and H9c2 cell death.
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CHAPTER V

Conclusions and future applications

The present study demonstrated that low concentrations of DEPEs prompted
neonatal rat cardiomyocyte hypertrophy. On the other hand, high concentrations of
DEPEs induced apoptosis as well as necrosis in myocardial cells. These data provide a
better understanding of potential mechanisms that link DEPs to toxicological regulation
of cardiomyocytes. And the understanding of DEPEs-induced cardiomyocyte toxicity

can help to find the ways to decrease the risks of DEPs-induced heart diseases.
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Figures and Tables

Table 1. Certified Concentrations for Selected PAHs in SRM 2975

Mass Fractions

(mg/kg)
Phenanthrene 17.0 + 2.8
Fluoranthene 26.6 + 5.1
Pyrene 090 =+ 024
Benz[a]anthracene 0.317 £ 0.066
Chrysene 456 £ 0.16
Triphenylene 522 £+ 0.20
Benzol;]fluoranthene 082 £ 0.11
Benzo[k]fluoranthene 0.678 £ 0.076
Benzo[e]|pyrene .11+ 0.10
Benzo|a]pyrene 0.0522 + 0.0053
Benzo[ghi]perylene 0.498 =+ 0.044
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Table 2. Reference Concentrations for Selected PAHs in SRM 2975

Mass Fractions

(mg/kg)

1-Methylphenanthrene 0.89 £+ 0.11
2-Methylphenanthrene 2.0 + 02
3-Methylphenanthrene 1.0 + 02
4- and 9-Methylphenanthrene 044 £+ 0.09
1,2-Dimethylphenanthrene 0.05 £ 0.02
1,6-, 1,7-, 2,5-, and 2,9-Dimethylphenanthrene 057 + 0.08
1,8-Dimethylphenanthrene 006 =+ 0.02
2,6-Dimethylphenanthrene 025 + 0.05
2,7-Dimethylphenanthrene 023 £+ 0.05
3,6-Dimethylphenanthrene 0.18 =+ 0.02
Anthracene 0.038 £+ 0.008
Benzo[ghi]fluoranthene 10.2 + 0.5
8-Methylfluoranthene 0.068 = 0.004
1-, 3-, and 7-Methylfluoranthene 053 £+ 003
2-Methylpyrene 0.040 + 0.008
4-Methylpyrene 0.022 £+ 0.005
Benzo|c]phenathrene 1.0 + 04
Benzo[a]fluoranthene 006 =+ 0.02
Benzo[h]fluoranthene 11.5 + 3.6
Perylene 0.054 + 0.009
Indeno[ 1,2,3-¢d]pyrene 1.4 + 02
Indeno[ 1,2,3-¢d]fluoranthene 1.1 + 02
Dibenz|a,jlanthracene 0.37 £ 0.07
Dibenz[a,c¢]anthracene/Dibenz[a,h]anthracene 052 £+ 0.08
Pentaphene 0.038 = 0.007
Benzo[b]chrysene 0.08 + 0.03
Picene 1.0 + 02
Coronene 1.1 + 0.2
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Table 3. Concentrations for Selected Nitro-Substituted PAHs in SRM 2975

Mass Fractions

(mg/kg)
| -Nitronaphthalene 0.041 + 0.005
2-Nitronaphthalene 0.112 + 0.017
9-Nitroanthracene 297 £+ 045
9-Nitrophenanthrene 0444 £+ 0.047
3-Nitrophenanthrene 0.185 + 0.017
1-Nitrofluoranthene 0.182 £+ 0.056
2-Nitrofluoranthene 0.205 + 0,053
3-Nitrofluoranthene 374 + 0.59
8-Nitrofluoranthene 0.593 + 0.090
4-Nitropyrene 0.182 + 0.021
1-Nitropyrene 34.8 + 4.7
7-Nitrobenz[a]anthracene 346 £ 0.78
6-Nitrochrysene 222+ 045
6-Nitrobenzo[a]pyrene 1.36 + 027
1,3-Dinitropyrene .18  + 0.29
1,6-Dinitropyrene 236 = 039
1,8-Dinitropyrene 3.10 + 0.57
Table 4. Primers used in this study

Gene Forward primer Reverse primer PCR product
ANP 5.GGCTCCTTCTCCATCACCAA-3' 5 ATATGGCCTGGGAGCCAAA-3 62 bp
BNP 5-CCAGAACAATCCACGATGCA-3' 5.GCCATTTCCTCTGACTTTTCTCTT-3  62bp
BMHC  5-CAGCCTACCTCATGGGACTGA-3' 5 TGACATACTCGTTGCCCACTTT-3' 84 bp
GAPDH  5-CTGGAGAAACCTGCCAAGTATGAT-3'  5-TTCTTACTCCTTGGAGGCCATGTA3' 250 bp
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Figure 1. Exposure to DEPEs had no effects on cardiomyocyte viability. Neonatal
rat cardiomyocytes were treated with DEPEs (1, 5, 10, 12.5 and 15 pg/mL) and
incubated for 24 hours. The cytotoxicity was analyzed by MTT assay as described under
Materials and Methods. DMSO was used as a control. Data are presented as mean

values = S.E.M. from three independent experiments.
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Figure 2. DEPEs induced cardiomyocytes hypertrophy. Cultured cardiomyocytes
were exposed to vehicle control and various concentrations of DEPEs for 24 hours. (A)
DEPEs-induced morphologic changes of cardiomyocytes. Cardiomyocytes were
immunostained with an anti-desmin antibody (green), and the nucleus was stained with
Hoechst 33258 (blue). The bar graph represents the relative cellular size to control. (B)
Dose response effects of DEPEs with detection of the hypertrophy marker total
protein/cell number. (C) Pathologic hypertrophy marker ANP, BNP, and B-MHC
MRNA expression measured by real-time RT-PCR after 24 hours DEPESs treatment. The
MRNA expression was standardized to expression of GAPDH. DMSO was used as a
control. Data are presented as mean values * S.E.M. from three independent

experiments. * P<0.05 versus control; ** P<0.01 versus control
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Figure 3. DEPEs induced phosphorylation of PKC, p38, ERK and JNK in
cardiomyocytes. Cells were treated with 5 ug/mL DEPEs for the indicated times.
Whole cell lysates were processed for western blot analysis to detect changes in P-PKC,
P-p38, P-ERK, and P-JNK. B-actin was used as an equal loading control. DMSO was
used as a control. Data are presented as mean values + S.E.M. from three independent

experiments. * P<0.05 versus control; ** P<0.01 versus control
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Figure 4. DEPEs reduced H9c2 cell viability. H9c2 cells were treated with DEPEs (3,
15 and 25 pg/mL) for 24 hours. To determine the cell viability, cells were subjected to
the MTT assay as described under Materials and Methods. DMSO was used as a control.
Data are presented as mean values = S.E.M. from three independent experiments. *

P<0.05 versus control; ** P<0.01 versus control
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Figure 5. DEPEs induced apoptosis in H9c2 cells determined by annexin
V-FITC/PI staining. Cells were treated with DEPEs (15 and 25 ug/mL) for 24 hours,
and cell apoptosis was measured by annexin V-FITC binding. Histograms show the
percentages of early (annexin V-FITC positive and Pl-negative) and late (annexin
V-FITC positive and Pl-positive) apoptotic cells in control and DEPEs-treated cells.
DMSO was used as a control. Data are presented as mean values + S.E.M. from three

independent experiments. * P<0.05 versus control; ** P<0.01 versus control

44



DEPEs (Hg/mL)
Control 3 15 25

GRP78 -—

CHOP | = S5 S

B-actin | s s s e

I Control
[ 3 pg/mL DEPEs
I 15 pg/mL DEPEs

5 1 25 pg/mL DEPEs
E2 3

Fold of induction

GRPT8 CHOP

Figure 6. DEPEs induced expression of GRP78 and CHOP proteins. H9c2 cells
were exposed to DEPEs (3, 15 and 25 pg/mL) for 24 hours, and total cell lysates were
subjected to western blot analysis using the indicated antibodies. B-actin was used as
internal standard. DMSO was used as a control. Data are presented as mean values +
S.E.M. from three independent experiments. * P<0.05 versus control; ** P<0.01 versus

control
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Figure 7. DEPEs induced phosphorylation of JNK and expression of GRP78 and
CHOP proteins. H9c2 cells were exposed to DEPEs (25 pg/mL) for various time
periods, and total cell lysates were subjected to western blot analysis using the indicated
antibodies. B-actin was used as internal standard. DMSO was used as a control. Data are
presented as mean values + S.E.M. from three independent experiments. * P<0.05

versus control; ** P<0.01 versus control
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Figure 8. INK inhibitor reversed DEPEs-induced expression of ER stress markers.
H9c2 cells were pre-incubated with 15 uM JNK inhibitor, SP600125, for 1 hour, and
treated with 25 pg/mL DEPEs for 1 hour (A) and 24 hours (B). Lysates were then
immunoblotted for P-JNK, GRP78, and CHOP. B-actin was used as internal standard.
DMSO was used as a control. Data are presented as mean values £ S.E.M. from three
independent experiments. * P<0.05 versus control; ** P<0.01 versus control; ## P<0.01

versus DEPEs treatment alone without JNK inhibitors
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Figure 9. Intracellular ATP levels and LDH release in H9c2 cells after DEPEs
treatment. Cells were exposed to DEPEs for 24 hours, and intracellular ATP levels (A)
and LDH release (B) were determined. DMSO was used as a control. Data are presented
as mean values + S.E.M. from three independent experiments. * P<0.05 versus control;

** P<(0.01 versus control

51



References

Andersson H, Piras E, Demma J, Hellman B, Brittebo E (2009) Low levels of the air
pollutant 1-nitropyrene induce DNA damage, increased levels of reactive oxygen
species and endoplasmic reticulum stress in human endothelial cells. Toxicology 262:

57-64

Barry SP, Davidson SM, Townsend PA (2008) Molecular regulation of cardiac

hypertrophy. The International Journal of Biochemistry & Cell Biology 40: 2023-2039

Belmont PJ, Chen WJ, San Pedro MN, Thuerauf DJ, Gellings Lowe N, Gude N, Hilton
B, Wolkowicz R, Sussman MA, Glembotski CC (2009) Roles for endoplasmic
reticulum-associated degradation and the novel endoplasmic reticulum stress response

gene Derlin-3 in the ischemic heart. Circulation Research 106: 307-316

Bonner JC (2007) Lung fibrotic responses to particle exposure. Toxicologic Pathology

35: 148-153

Brook RD, Franklin B, Cascio W, Hong Y, Howard G, Lipsett M, Luepker R,
Mittleman M, Samet J, Smith SC, Tager | (2004) Air pollution and cardiovascular
disease: a statement for healthcare professionals from the expert panel on population

and prevention science of the American Heart Association. Circulation 109: 2655-2671

Brook RD, Rajagopalan S, Pope CA, Brook JR, Bhatnagar A, Diez-Roux AV, Holguin

F, Hong Y, Luepker RV, Mittleman MA, Peters A, Siscovick D, Smith SC, Whitsel L,

52



Kaufman JD (2010) Particulate matter air pollution and cardiovascular disease: an
update to the scientific statement from the American Heart Association. Circulation 121:

2331-2378

Cameron VA, Ellmers LJ (2003) Minireview: natriuretic peptides during development

of the fetal heart and circulation. Endocrinology 144: 2191-2194

Cheng TH, Shih NL, Chen SY, Wang DL, Chen JJ (1999) Reactive oxygen species
modulate  endothelin-l-induced c-fos gene expression in  cardiomyocytes.

Cardiovascular Research 41: 654662

Chien KR, Knowlton KU, Zhu H, Chien S (1991) Regulation of cardiac gene expression
during myocardial growth and hypertrophy: molecular studies of an adaptive

physiologic response. The FASEB Journal 5: 3037-3046

Clapham DE (1995) Calcium Signaling. Cell 80: 259-268

de Hartog JJ, Hoek G, Peters A, Timonen KL, Ibald-Mulli A, Brunekreef B, Heinrich J,
Tiittanen P, van Wijnen JH, Kreyling W, Kulmala M, Pekkanen J (2003) Effects of fine
and ultrafine particles on cardiorespiratory symptoms in elderly subjects with coronary

heart disease: the ULTRA study. American Journal of Epidemiology 157: 613-623

Dickhout JG, Carlisle RE, Austin RC (2011) Interrelationship between cardiac
hypertrophy, heart failure, and chronic kidney disease: endoplasmic reticulum stress as a

mediator of pathogenesis. Circulation Research 108: 629-642

53



Dorn GW, Robbins J, Sugden PH (2003) Phenotyping hypertrophy: eschew obfuscation.

Circulation Research 92: 1171-1175

Doroudgar S, Thuerauf DJ, Marcinko MC, Belmont PJ, Glembotski CC (2009)
Ischemia activates the ATF6 branch of the endoplasmic reticulum stress response.

Journal of Biological Chemistry 284: 29735-29745

Escobal A, Iriondo C, Laborra C (1997) Determination of volatile compounds in
Txakoli wine from Biscay by gas chromatography-mass spectrometry. Journal of

Chromatography A 778: 225-234

Environmental Protection Agency (2002) National Ambient Air Quality Standards

(NAAQS). Available at: http://www.epa.gov/ttnnaaqs/

Forssmann WG, Nokihara K, Gagelmann M, Hock D, Feller S, Schulz-Knappe P,
Herbst F (1989) The heart is the center of a new endocrine, paracrine, and

neuroendocrine system. Archives of Histology and Cytology 52 Suppl: 293-315

Frey N, Olson EN (2003) Cardiac hypertrophy: the good, the bad, and the ugly. Annual

Review of Physiology 65: 45-79

Fu HY, Minamino T, Tsukamoto O, Sawada T, Asai M, Kato H, Asano Y, Fujita M,
Takashima S, Hori M, Kitakaze M (2008) Overexpression of endoplasmic

reticulum-resident chaperone attenuates cardiomyocyte death induced by proteasome

54



inhibition. Cardiovascular Research 79: 600-610

Gething M-J (1999) Role and regulation of the ER chaperone BiP. Seminars in Cell &

Developmental Biology 10: 465-472

Groenendyk J, Sreenivasaiah PK, Kim DH, Agellon LB, Michalak M (2010) Biology of

endoplasmic reticulum stress in the heart. Circulation Research 107: 1185-1197

Gu Z-W, Keane M, Ong T-m, Wallace W (2005) Diesel exhaust particulate matter
dispersed in a phospholipid surfactant induces chromosomal aberrations and
micronuclei but not 6-thioguanine-resistant gene mutation in V79 cells. Journal of

Toxicology and Environmental Health Part A 68: 431-444

Guan HS, Shangguan HJ, Shang Z, Yang L, Meng XM, Qiao SB (2011) Endoplasmic
reticulum stress caused by left ventricular hypertrophy in rats: effects of telmisartan. The

American Journal of the Medical Sciences [Epub ahead of print]

Gusev K, Domenighetti AA, Delbridge LMD, Pedrazzini T, Niggli E, Egger M (2009)
Angiotensin 1l-mediated adaptive and maladaptive remodeling of cardiomyocyte

excitation-contraction coupling. Circulation Research 105: 42-50

Harr MW, Distelhorst CW (2009) The endoplasmic reticulum pathway. Essentials of

Apoptosis: 177-197

Heineke J, Molkentin JD (2006) Regulation of cardiac hypertrophy by intracellular
55



signalling pathways. Nature Reviews Molecular Cell Biology 7: 589-600

Huang CH, Lin LY, Tsai MS, Hsu CY, Chen HW, Wang TD, Chang WT, Cheng TJ,
Chen WJ (2010a) Acute cardiac dysfunction after short-term diesel exhaust particles

exposure. Toxicology Letters 192: 349-355

Huang H, Tang QZ, Wang AB, Chen M, Yan L, Liu C, Jiang H, Yang Q, Bian ZY, Bai
X, Zhu LH, Wang L, Li H (2010b) Tumor suppressor A20 protects against cardiac
hypertrophy and fibrosis by blocking transforming growth factor-p-activated kinase

1-dependent signaling. Hypertension 56: 232-239

Jung EJ, Avliyakulov NK, Boontheung P, Loo JA, Nel AE (2007) Pro-oxidative DEP
chemicals induce heat shock proteins and an unfolding protein response in a bronchial

epithelial cell line as determined by DIGE analysis. Proteomics 7: 3906-3918

Kinzli N, Jerrett M, Garcia-Esteban R, Basagafia X, Beckermann B, Gilliland F,
Medina M, Peters J, Hodis HN, Mack WJ (2010) Ambient air pollution and the

progression of atherosclerosis in adults. PLoS One 5: €9096

Kunzli N, Jerrett M, Mack WJ, Beckerman B, LaBree L, Gilliland F, Thomas D, Peters
J, Hodis HN (2004) Ambient air pollution and atherosclerosis in Los Angeles.

Environmental Health Perspectives 113: 201-206

Kaufman RJ (2002) Orchestrating the unfolded protein response in health and disease.

Journal of Clinical Investigation 110: 1389-1398

56



Kerkeld R, Grazette L, Yacobi R, Iliescu C, Patten R, Beahm C, Walters B, Shevtsov S,
Pesant S, Clubb FJ, Rosenzweig A, Salomon RN, Van Etten RA, Alroy J, Durand J-B,
Force T (2006) Cardiotoxicity of the cancer therapeutic agent imatinib mesylate. Nature

Medicine 12: 908-916

Kerkela R, Pikkarainen S, Majalahti-Palviainen T, Tokola H, Ruskoaho H (2002)
Distinct roles of mitogen-activated protein kinase pathways in GATA-4 transcription
factor-mediated regulation of B-type natriuretic peptide gene. Journal of Biological

Chemistry 277: 13752-13760

Kim I, Xu W, Reed JC (2008) Cell death and endoplasmic reticulum stress: disease

relevance and therapeutic opportunities. Nature Reviews Drug Discovery 7: 1013-1030

Kitakaze M, Tsukamoto O (2010) What is the role of ER stress in the heart?:

introduction and series overview. Circulation Research 107: 15-18

Kleinman MT, Sioutas C, Froines JR, Fanning E, Hamade A, Mendez L, Meacher D,
Oldham M (2007) Inhalation of concentrated ambient particulate matter near a heavily
trafficked road stimulates antigen-induced airway responses in mice. Inhalation

Toxicology 19 Suppl 1: 117-126

Kodavanti UP, Jaskot RH, Richards JE, Thomas R, Johnson JA, Nyska A, Linak WP,
Krantz T, Ledbetter AD, Schladweiler MC, Karoly ED, Wallenborn JG, Gottipolu RR

(2009) One-month diesel exhaust inhalation produces hypertensive gene expression

57



pattern in healthy rats. Environmental Health Perspectives 117: 38-46

Kozutsumi Y, Segal M, Normington K, Gething MJ, Sambrook J (1988) The presence
of malfolded proteins in the endoplasmic reticulum signals the induction of

glucose-regulated proteins. Nature 332: 462-464

Krishnaswami A (2008) The role of B-type and other natriuretic peptides in health and

disease. The Permanente Journal 12: 32-43

Laing S, Wang G, Briazova T, Zhang C, Wang A, Zheng Z, Gow A, Chen AF,
Rajagopalan S, Chen LC, Sun Q, Zhang K (2010) Airborne particulate matter
selectively activates endoplasmic reticulum stress response in the lung and liver tissues.

American Journal of Physiology - Cell Physiology 299: C736-C749

Liu JC, Chen CH, Chen JJ, Cheng TH (2009) Urotensin Il Induces Rat Cardiomyocyte
Hypertrophy via the Transient Oxidization of Src Homology 2-Containing Tyrosine
Phosphatase and Transactivation of Epidermal Growth Factor Receptor. Molecular

Pharmacology 76: 1186-1195

Martindale JJ, Fernandez R, Thuerauf D, Whittaker R, Gude N, Sussman MA,
Glembotski CC (2006) Endoplasmic reticulum stress gene induction and protection
from ischemia/reperfusion injury in the hearts of transgenic mice with a

tamoxifen-regulated form of ATF6. Circulation Research 98: 1186-1193

Meguro T, Hong C, Asai K, Takagi G, McKinsey TA, Olson EN, Vatner SF (1999)

58



Cyclosporine attenuates pressure-overload hypertrophy in mice while enhancing

susceptibility to decompensation and heart failure. Circulation Research 84: 735-740

Mesaeli N, Nakamura K, Opas M, Michalak M (2001) Endoplasmic reticulum in the

heart, a forgotten organelle? Molecular and Cellular Biochemistry 225: 1-6

Minamino T, Kitakaze M (2010) ER stress in cardiovascular disease. Journal of

Molecular and Cellular Cardiology 48: 1105-1110

Muslin Anthony J (2008) MAPK signalling in cardiovascular health and disease:

molecular mechanisms and therapeutic targets. Clinical Science 115: 203-218

National Institute of Standards and Technology (2009) SRM 2975: Diesel Particulate

Extract. Gaithersburg, MD: U.S. Department of Commerce

Nemmar A, Al-Maskari S, Ali BH, Al-Amri IS (2007) Cardiovascular and lung
inflammatory effects induced by systemically administered diesel exhaust particles in
rats. American Journal of Physiology - Lung Cellular and Molecular Physiology 292:

L664-L670

Nemmar A, Al-Salam S, Zia S, Dhanasekaran S, Shudadevi M, Ali BH (2010)
Time-course effects of systemically administered diesel exhaust particles in rats.

Toxicology Letters 194: 58-65

Nemmar A, Dhanasekaran S, Yasin J, Ba-Omar H, Fahim MA, Kazzam EE, Ali BH

59



(2009) Evaluation of the direct systemic and cardiopulmonary effects of diesel particles

in spontaneously hypertensive rats. Toxicology 262: 50-56

Nickson P, Toth A, Erhardt P (2007) PUMA s critical for neonatal cardiomyocyte

apoptosis induced by endoplasmic reticulum stress. Cardiovascular Research 73: 48-56

Okada K, Minamino T, Tsukamoto Y, Liao Y, Tsukamoto O, Takashima S, Hirata A,
Fujita M, Nagamachi Y, Nakatani T, Yutani C, Ozawa K, Ogawa S, Tomoike H, Hori
M, Kitakaze M (2004) Prolonged endoplasmic reticulum stress in hypertrophic and
failing heart after aortic constriction: possible contribution of endoplasmic reticulum

stress to cardiac myocyte apoptosis. Circulation 110: 705-712

Okayama Y, Kuwahara M, Suzuki A, Tsubone H (2006) Role of reactive oxygen
species on diesel exhaust particle-induced cytotoxicity in rat cardiac myocytes. Journal

of Toxicology and Environmental Health Part A 69: 1699-1710

Ozawa K, Kondo T, Hori O, Kitao Y, Stern DM, Eisenmenger W, Ogawa S, Ohshima T
(2001) Expression of the oxygen-regulated protein ORP150 accelerates wound healing
by modulating intracellular VEGF transport. Journal of Clinical Investigation 108:

41-50

Pedruzzi E, Guichard C, Ollivier V, Driss F, Fay M, Prunet C, Marie JC, Pouzet C,
Samadi M, Elbim C, O'Dowd Y, Bens M, Vandewalle A, Gougerot-Pocidalo MA,
Lizard G, Ogier-Denis E (2004) NAD(P)H oxidase Nox-4 mediates

7-ketocholesterol-induced endoplasmic reticulum stress and apoptosis in human aortic

60



smooth muscle cells. Molecular and Cellular Biology 24: 10703-10717

Pekkanen J, Peters A, Hoek G, Tiittanen P, Brunekreef B, de Hartog J, Heinrich J,
Ibald-Mulli A, Kreyling WG, Lanki T, Timonen KL, Vanninen E (2002) Particulate air
pollution and risk of ST-segment depression during repeated submaximal exercise tests
among subjects with coronary heart disease: the exposure and risk assessment for fine

and ultrafine particles in ambient air (ULTRA) study. Circulation 106: 933-938

Peters A, Dockery DW, Muller JE, Mittleman MA (2001) Increased particulate air

pollution and the triggering of myocardial infarction. Circulation 103: 2810-2815

Pikkarainen S, Tokola H, Kerkeld R, Ruskoaho H (2004) GATA transcription factors in

the developing and adult heart. Cardiovascular Research 63: 196-207

Pozzan T, Rizzuto R, Volpe P, Meldolesi J (1994) Molecular and cellular physiology of

intracellular calcium stores. Physiological Reviews 74: 595-636

Rickerl R, Ibald-Mulli A, Koenig W, Schneider A, Woelke G, Cyrys J, Heinrich J,
Marder V, Frampton M, Wichmann HE, Peters A (2006) Air pollution and markers of
inflammation and coagulation in patients with coronary heart disease. American Journal

of Respiratory and Critical Care Medicine 173: 432-441

Rohini A, Agrawal N, Koyani CN, Singh R (2010) Molecular targets and regulators of

cardiac hypertrophy. Pharmacological Research 61: 269-280

61



Ron D, Walter P (2007) Signal integration in the endoplasmic reticulum unfolded

protein response. Nature Reviews Molecular Cell Biology 8: 519-529

Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y, Kawabata M,
Miyazono K, Ichijo H (1998) Mammalian thioredoxin is a direct inhibitor of apoptosis

signal-regulating kinase (ASK) 1. The EMBO Journal 17: 25962606

Sakakibara M, Minami M, Endo T, Hirafuji M, Murakami S, Mori Y, Sagai M (1994)
Biological effects of diesel exhaust particles (DEP) on isolated cardiac muscle of guinea

pigs. Research Communications in Molecular Pathology and Pharmacology 86: 99-110

Schréoder M, Kaufman RJ (2005a) ER stress and the unfolded protein response.

Mutation Research 569: 29-63

Schréder M, Kaufman RJ (2005b) The mammalian unfolded protein response. Annual

Review of Biochemistry 74: 739-789

Shih NL, Cheng TH, Loh SH, Cheng PY, Wang DL, Chen YS, Liu SH, Liew CC, Chen
JJ (2001) Reactive oxygen species modulate angiotensin ll-induced B-myosin heavy
chain gene expression via Ras/Raf/extracellular signal-regulated kinase pathway in
neonatal rat cardiomyocytes. Biochemical and Biophysical Research Communications

283: 143-148

Shinkai Y, Yamamoto C, Kaji T (2010) Lead induces the expression of endoplasmic

reticulum chaperones GRP78 and GRP94 in vascular endothelial cells via the

62



JNK-AP-1 pathway. Toxicological Sciences 114: 378-386

Stuart BO (1984) Deposition and clearance of inhaled particles. Environmental Health

Perspectives 55: 369-390

Sydbom A, Blomberg A, Parnia S, Stenfors N, Sandstrom T, Dahlén S-E (2001) Health

effects of diesel exhaust emissions. European Respiratory Journal 17: 733-746

Szegezdi E, Logue SE, Gorman AM, Samali A (2006) Mediators of endoplasmic

reticulum stress-induced apoptosis. EMBO Reports 7: 880-885

Terai K, Hiramoto Y, Masaki M, Sugiyama S, Kuroda T, Hori M, Kawase I, Hirota H
(2005) AMP-activated protein kinase protects cardiomyocytes against hypoxic injury
through attenuation of endoplasmic reticulum stress. Molecular and Cellular Biology 25:

9554-9575

Tzeng HP, Yang RS, Ueng TH, Lin-Shiau SY, Liu SH (2003) Motorcycle exhaust
particulates enhance vasoconstriction in organ culture of rat aortas and involve reactive

oxygen species. Toxicological Sciences 75: 66-73

van Engeland M, Nieland LJ, Ramaekers FC, Schutte B, Reutelingsperger CP (1998)
Annexin V-affinity assay: a review on an apoptosis detection system based on

phosphatidylserine exposure. Cytometry 31: 1-9

Van Hee VC, Adar SD, Szpiro AA, Barr RG, Bluemke DA, Diez Roux AV, Gill EA,

63



Sheppard L, Kaufman JD (2009) Exposure to traffic and left ventricular mass and
function: the multi-ethnic study of atherosclerosis. American Journal of Respiratory and

Critical Care Medicine 179: 827-834

Watkins SJ, Borthwick GM, Arthur HM (2010) The H9C2 cell line and primary
neonatal cardiomyocyte cells show similar hypertrophic responses in vitro. In Vitro

Cellular & Developmental Biology - Animal 47: 125-131

Watterson TL, Hamilton B, Martin R, Coulombe RA (2009) Urban particulate matter
causes ER stress and the unfolded protein response in human lung cells. Toxicological

Sciences 112: 111-122

Watterson TL, Sorensen J, Martin R, Coulombe RA, Jr. (2007) Effects of PM2.5
collected from Cache Valley Utah on genes associated with the inflammatory response
in human lung cells. Journal of Toxicology and Environmental Health Part A 70:

1731-1744

Wek RC, Jiang HY, Anthony TG (2006) Coping with stress: elF2 kinases and

translational control. Biochemical Society Transactions 34: 7-11

Wellenius G, Schwartz J, Mittleman M (2006) Particulate air pollution and hospital
admissions for congestive heart failure in seven united states cities. The American

Journal of Cardiology 97: 404-408

Yan YH, Huang CH, Chen WJ, Wu MF, Cheng TJ (2008) Effects of diesel exhaust

64



particles on left ventricular function in isoproterenol-induced myocardial injury and

healthy rats. Inhalation Toxicology 20: 199-203

Yun Y, Lee J, Ahn E, Lee K, Yoon H, Lim Y (2009) Diesel exhaust particles induce
apoptosis via p53 and Mdm2 in J774A.1 macrophage cell line. Toxicology in Vitro 23:

21-28

Zanobetti A, Schwartz J (2005) The effect of particulate air pollution on emergency
admissions for myocardial infarction: a multicity case-crossover analysis.

Environmental Health Perspectives 113: 978-982

Zielinska B, Sagebiel J, McDonald JD, Whitney K, Lawson DR (2004) Emission rates

and comparative chemical composition from selected in-use diesel and gasoline-fueled

vehicles. Journal of the Air & Waste Management Association 54: 1138-1150

Zou Y, Nagai R, Yamazaki T (2001) Urotensin Il induces hypertrophic responses in

cultured cardiomyocytes from neonatal rats. FEBS Letters 508: 5760

65



