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Abstract

Introduction: We have shown that diesel exhaust (DE) inhalation caused progression of atherosclerosis; however,
the mechanisms are not fully understood. We hypothesize that exposure toDE upregulates cyclooxygenase (COX)
expression and activity, which could play a role in' DE-induced atherosclerosis.

Methods: ApoE knockout mice (30-week old) fed with regular chow were exposed to DE (at 200 ug/m? of particulate
matter) or filtered air (control) for 7 weeks (6 h/day, 5 days/week). The protein and mRNA expression of COX-1 and
COX-2 were evaluated by immunohistochemistry analysis and quantitative real-time PCR, respectively. To examine
COX activity, thoracic aortae were mounted in a wire myograph; and phenylephrine (PE)-stimulated vasoconstriction
was measured with and without the presence of COX.antagonists (indomethacin). COX-2 activity was further assessed
by urine 2,3-dinor-6-keto PGF, level, a major metabolite of prostacyclin', (PGL).

Results: Immunohistochemistry analysis demonstrates that DE exposure enhanced COX-2 expression in both thoracic
aorta (p < 0.01) and aorticroot (p. < 0.03), with no modification of COX-1 expression. The increased COX-2 expression
was positively correlated with smooth muscle cell content in aortic lesions (R? = 0.4081, p < 0.008). The fractional
changes of maximal vasoconstriction:in the presence of indomethacin was attenuated by 3-fold after DE exposure
(p < 0.02). Urine 2;3-dinor-6-keto PGF,  level was 15-fold higher in DE group than the control (p < 0.007). The mRNA
expression of COX-2 (p.< 0.006) and PGl synthase (p'< 0.02), but not COX-1, was significantly augmented after DE
exposure.

Conclusion: We show that DE inhalation enhanced COX-2 expression, which is also associated with phenotypic
changes of aortic lesion.

Keywords: Diesel exhaust, atherosclerosis, cyclooxygenase, ApoE knockout mouse

Introduction

Epidemiological studies have shown that exposure to
fine ambient particulate matter air pollution (PM, ) can
be an independent risk factor for cardiovascular mor-
bidity and mortality (Dockery et al., 1993; Brook et al.,
2010). The mechanisms underlying PM, , induced vas-
cular disease have not been fully investigated. Evidence

from both human and animal studies has indicated that
deposition of particles in the lung provokes a low-grade
lung inflammation with a secondary systemic inflam-
matory response characterized by increased circulating
pro-inflammatory mediators, such as interleukin-1 (IL-
1), and IL-6 (Ishii et al., 2004; Tamagawa et al., 2008). The
systemic responses are thought to cause the downstream
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Abbreviations

COX: cyclooxygenase

DE: diesel exhaust

HPRT1: hypoxanthine phosphoribosyltransferase-1
HSP: Heat shock protein

IL-1: interleukin-1

NSAIDs: nonsteroidal anti-inflammatory drugs

PE: phenylephrine

PM, : particulate matter air pollution with diameter less than
10 pm

PGH,: prostaglandin (PG) H2

PGIL,;: prostacyclin I,

PGIS: PGI synthase

PSS: physiological salt solution

RT-PCR: Real-time reverse transcription polymerase chain
reaction

TXA2: thromboxane A2

cardiovascular diseases, especially in individuals who
have pre-existing cardiovascular dysfunction (Seaton
etal., 1995; Bai et al., 2007).

Prostanoids play an important role in cardiovascular
function, such asregulate vascular tone, modulate vascu-
lar inflammatory response, and control leukocyte-endo-
thelial cell adhesion and platelet aggregation (Kawabe
etal., 2010a). Cyclooxygenase (COX) is the key regulatory
enzyme responsible for the formation of prostanoids.
COX catalyzes the conversion of arachidonic acid to pros-
taglandin (PG) H,, which is subsequently converted to a
variety of eicosanoids, includingPGE,, PGD,, PGF, , pros-
tacyclin I, (PGI,), and thromboxane A2 (TXA2) (Dubois
etal., 1998). The array of PGs produced varies depending
on the downstream enzymes present in different types
of cells. For example, endothelial cells primarily pro-
duce PGI,, whereas platelets mainly produce TXA2. Two
COX-isozymes, COX-1 and COX-2, have been character-
ized. COX-1 is the enzyme responsible for basal, consti-
tutive prostaglandin synthesis, whereas upregulation of
COX-2 is implicated in inflammatory settings (Cipollone
et al., 2004). PGI, and TXA2 are important components
of prostaglandin metabolism that regulate cardiovas-
cular homeostasis. Under physiological conditions,
PGI, is released by endothelial cells to mediate sev-
eral protective effects on the vascular wall, including
balance excessive vascular contraction, and inhibit
platelet aggregation and adhesion (Egan et al., 2004;
Kawabe et al., 2010b). TXA2, a potent vasoconstrictor,
is the predominant mediator having opposite effects of
PGI,. Under pathological conditions, such as inflam-
mation or atherosclerosis, PGI, production decreases,
and the release of TXA2 becomes dominant (Warner &
Mitchell, 2004). Increased TXA2 production is impli-
cated in endothelial dysfunction, hypertension, and
atherothrombosis.

Samet and colleagues have shown that exposure to
PM,, caused overexpression of COX-2 in human airway
epithelial cells, which could resultin lung injury (Samet et
al., 2000). It was reported that exposure to diesel exhaust
particles increased COX-2 protein and mRNA expression
in human macrophage cells (U937) that were associated
with a subsequent increase of cholesterol accumulation
and foam cell formation (Vogel et al., 2005). Studies from
our laboratory have previously shown that exposure to
PM,, caused progression of atherosclerosis in rabbits
(Suwa et al., 2002).

© 2012 Informa Healthcare USA, Inc.

Diesel exhaust (DE) is a major component of urban
PM, ,, and could account for up to 90% of the fine par-
ticulate mass in ambient air of many major cities (Brook
et al., 2010). DE is a mixture of fine particles and gases,
and represents a useful model of traffic-related air pollut-
ants. The particulate from DE consists of a central carbon
core nucleus onto which an estimated 18,000 combus-
tion products are absorbed, including organic chemicals,
such as polycyclic aromatic hydrocarbons, and transition
metals (Schuetzle et al., 1981).

Recent studies have shown an association between
progression of atherosclerosis and people living near
major roads, and traffic-related air pollution exposure
and acute coronary events (Hoek et al., 2002). We have
also demonstrated that exposure ApoE mice to DE for 7
weeks induced progression of atherosclerosis (Bai et al.,
2011b); however, the underlying mechanisms for these
changes in plaques are not fully understood. We hypoth-
esize that exposure to DE upregulates COX-2 activity and
expression in blood vessels and heart that may play a role
on these DE exposure-induced changes in atheroscle-
rotic plaques.

Material and methods

Exposure system, experimental animals and

exposure protocol

Characteristics of the exposure system have been
described previously (Gould et al., 2008). DE was derived
from a 2002 model turbocharged direct-injection 5.9-L
Cummins B-series engine (6BT5.9G6; Cummins, Inc.,
Columbus, IN) in a generator set. Load was maintained
at 75% of rated capacity, using aload-adjustingload bank
(Simplex, Springfield, IL) throughout the exposures. We
used No.2 undyed, on-highway fuel and Valvoline 15
W-40 crankcase oil. All dilution air for the system was
passed through HEPA, and carbon filters, permitting
a filtered air control exposure option with very low
particulate and gaseous organic pollutant levels. The
air entering the exposure room was conditioned to 18°C
and 60% relative humidity. During the exposures, DE
concentrations were continuously measured. Multistage
samples collected on a micro-orifice uniform deposition
impactor (MOUDI; MSP, Shoreview, MN) indicated a
mass median diameter of 0.104 um. Elemental carbon
and organic carbon were determined by thermal
optical transmittance analysis of quartz filter samples,
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while metals concentrations were determined by X-ray
fluorescence analysis of Teflon filter samples. Gaseous
pollutants including carbon monoxide and oxides
of nitrogen (NOx) have been characterized and the
exposure conditions have been found to be both stable
and reproducible. The most recent National Ambient Air
Quality Standards issued by the U.S EPA in 2006 for PM,
levels have been strengthened to 15 pg/m? (annual) and
35 pg/m?® (24 h) based on vast evidence showing a strong
association between fine particles and cardiovascular
diseases (Donaldson et al., 2001). The exposure level
(200 pg/m®) in this study was determined to reflect
the ambient PM level of a heavy traffic condition. The
average calculated exposure throughout a 24-h period
in our study was less than 35 pg/m?, which is within the
range of the National Ambient Air Quality Standard and
is environmentally relevant.

Male ApoE knockout mice were housed in a tem-
perature- and humidity-controlled environment, which
was on a 12-h light/dark cycle. These mice had free
access to water and standard rodent chow. At the age
of 30-week old, mice were randomly chosen (10 mice/
group) and moved to a “Biozone” facility adjacent to
the exposure chamber where exposure was controlled
by opening or closing a valve to animal cages resulting
in minimal stress for animals during the exposure peri-
ods. We exposed ApoE knockout mice to DE for 7 weeks
(5 days/week, 6h/day) at the concentration of 200 pg/
m? particulate matter. Exposing mice to filtered air was
the control. Animal procedures were approved by the
Animal Care and Use Committee of the University of
Washington.

Sample collection

After exposure, sodium pentobarbital (100mg/kg,
Abbott Laboratories, IL) and heparin sulfate (500 U/kg)
were administered intraperitoneally. Upon the loss of all
reflexes, blood was collected from inferior vena cava into
EDTA tubes. Plasma was obtained after the centrifuga-
tion of blood and stored at —80°C until assay. Thoracic
aorta, aortic root, and heart were carefully dissected from
the connective tissues and kept in appropriate solution
until assay. Spot urine samples were collected from the
bladder after euthanasia and kept at —-80°C.

Measurement of vascular tone

Thoracic aortae that were free of atherosclerotic lesions
were carefully cleaned off the connective tissues with-
out damaging the endothelium, and placed in ice-cold
physiological salt solution (PSS). The vessels were cut
to 2mm rings and mounted on a wire myograph (Model
610M; Danish Myo Technology, Aarhus, Denmark). Each
vessel was bathed in oxygenated PSS at 37°C for an hour
during which the resting tension was gradually increased
to 6 mN with three changes of PSS at 10 min intervals fol-
lowed by stabilizing the vessels at resting tension (6 mN)
for 30 min. Thereafter, the vessels were stimulated with
80 mM KCl twice.

Smooth muscle contractility was also studied by the
addition of cumulative concentrations of phenylephrine
(PE, 1 nM-10 pM). To access the effect of DE exposure
on cyclooxygenase and TXA2 production, indomethacin
(1 pM) and SQ29548 (10 uM) (selective TXA2 receptor
antagonist) were administered, respectively.

Immunohistochemical staining of

COX-1, COX-2 and macrophage

The thoracic aortae adjacent to the segments used for
functional studies, and aortic root sections that contained
three complete valve leaflets were embedded and cut
into 5um. After deparaffinization, hydration, and antigen
retrieval using citrate buffer (Invitrogen), aorta and root
sections were incubated with 10% goat serum at room
temperature for 30min to block non-specific binding
proteins, followed by incubation with specific primary
antibodies: rabbit anti mouse antibody for COX-1 (1:150,
Cayman Chemical), rabbit anti mouse antibody for
COX-2 (1:100, Santa Cruz), and rat anti mouse antibody
for F4/80 (1:50, AbD Serotec) at 4°C overnight. Negative
controls were included with non-immune isotype anti-
body or omission of the primary antibody. Subsequently,
sections were incubated with biotinylated goat anti rab-
bit IgG (1:800, Vector Laboratories) at room temperature
for 30 min, followed by avidin-biotin conjugated alkaline
phosphatase and Vector red (Vector Laboratories) to
detect the antigen-antibody complexes. Five tissue sec-
tions were randomly chosen for each targeted tissue, and
stained for each marker. Images for these sections were
captured by a spot digital camera (Microspot, Nikon,
Tokyo, Japan), coded and examined without knowledge
of the experimental groups. Using Image Pro Plus soft-
ware, positive red staining was recognized, quantified by
color segmentation, normalized respectively to the thick-
ness of vascular wall or the area of atherosclerotic lesions
and expressed as volume fraction (V/v%) as previously
described in detail (Bai et al., 2011b).

Measurement of urine 2,3-dinor-6-keto PGF

PGI, level was assessed by measuring urine 2,3-dinor-
6-keto prostaglandin F, , the major urinary metabolite
converted from PGI, using an EIA kit according to
the manufacturer’s instruction (Cayman Chemical).
Creatinine levels were measured by a creatinine assay kit
(Cayman Chemical).

Real-time reverse transcription polymerase chain
reaction analysis of the mRNA expression of COX-1,
COX-2 and PGl synthase

Due to limited vessel samples, total RNA was extracted
from the heart tissue using RNeasy Fibrous Tissue Mini
Kit (Qiagen). RNA concentration was measured using
Nanodrop (Thermo Scientific). Reverse transcription
was performed using an RT kit (Invitrogen). The same
amount of RNA from different samples was loaded in
triplicates for each assay, and reverse transcription
polymerase chain reaction (RT-PCR) was performed

Inhalation Toxicology



using TagMan Universal PCR master mix and Tagman
gene expression assay system (Applied Biosystems)
according to the manufacturer’s instructions. COX-1,
COX-2, PGI synthase (PGIS), (3-actin and hypoxanthine
phosphoribosyltransferase-1 (HPRT1) mRNA expression
were measured by RT-PCR (TagMan) using the ABI
Prism 7900 HT sequence detection system (Applied
Biosystems). Gene expression values were calculated
based on the comparative threshold cycle (Ct) method,
normalized to the expression values of (-actin and
HPRT1, and displayed as ratio relative to $-actin.

Solutions and chemicals

The PSS consisted of the following (in mM): NaCl 119,
KCl 4.7, KH,PO, 1.18, NaHCO, 24, MgSO,7H,0 1.17,
Ca(l, 1.6, glucose 5.5 and EDTA 0.026. All reagents were
purchased from Sigma.

Statistical analysis

Results are reported as mean + SEM. The statistical sig-
nificance was evaluated using the unpaired Student’s
t test for simple comparison between two values. The
concentration-response curves of the different groups
were compared by ANOVA for repeated measurements
followed by Bonferroni’s correction. p < 0.05 was con-
sidered to be significant. In all experiments, n equals the
number of mice from which samples were obtained.

Results

Immunohistochemistry analysis of COX-1 and

COX-2 expression in thoracic aorta and aortic root

In thoracic aorta, COX-1 was expressed by endothelial
cells, smooth muscle cells and macrophages. COX-2 was
expressed by smooth muscle cells and macrophages
(Supplementary Figure 1). In aortic root, COX-1 and
COX-2 were predominantly expressed by macrophages
(Supplementary Figure 2).

DE exposure did not change COX-1 expression in
thoracic aorta and aortic root, as compared to filtered
air (Figures 1A-1C and 2A-2C). However, we observed
a significant enhancement of COX-2 expression in both
thoracic aorta (1.1+0.1% vs 1.6+0.1%, Filtered air vs DE;
p < 0.007) (Figure 1D-1F) and aortic root (0.81+0.06% vs
0.99+0.17%, Filtered air vs DE; p < 0.02) (Figure 2D-2F)
in DE exposure group. In addition, this increased COX-2
expression in aortic root was positively correlated with
V/v of smooth muscle cells in aortic plaques (Bai et al.,
2011b) (Supplementary Figure 3).

Vascular constriction and COX activity

PE-induced constriction was significantly suppressed in
DE exposure group, as compared to filter air (Figure 3). The
EC50 values were not affected (7.16+0.09 vs 7.27+0.12,
Filtered air vs DE, p > 0.05). In the presence of COX blocker,
indomethacin, PE-elicited constriction was reduced only
in control but not DE exposure group (Figure 4A and 4B).

© 2012 Informa Healthcare USA, Inc.
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The fractional changes of maximal constriction was sig-
nificantly reduced in DE group (31.7+4.6% vs 12.6+4.2%,
Filtered air vs DE, p < 0.02) (Figure 4C). The EC50 (or -
LogEC50) values were not affected (7.16 £0.09vs 7.15+0.15;
7.27+0.12 vs 7.08+0.14, Filtered air vs Filtered air + Indo;
DE vs DE+indo, p > 0.05). The presence of selective TXA2
receptor antagonist (SQ29548) did not alter PE-stimulated
constriction after DE exposure (Supplementary Figure 4).

Urine 6-keto PGF, production

Urinary excretion of 6-keto PGF,  is the major urinary
metabolite of PGI,. DE inhalation increased 6-keto
PGF, concentration by 15-fold compared with the con-
trol (22.68+5.5 vs 344.6+117.1 pg/mL per Cr (mg/dL),
Filtered air vs DE, p < 0.007) (Figure 5).

Real-time RT-PCR of the mRNA expression of

COX-1, COX-2 and PGIS in the heart

To examine whether the mRNA expression of COX-1,
COX-2 and PGIS was affected by DE exposure, we extracted
RNA from the heart and performed quantitative real-
time PCR using Tagman assays. We found no significant
change in COX-1 mRNA expression after exposure to DE
(Supplementary Figure 5A). However, the mRNA expres-
sion of COX-2 was significantly increased after DE expo-
sure (38.0+1.8% vs 50.4 +3.6%, Filtered air vs DE; p < 0.006)
(Supplementary Figure 5B). The mRNA expression of PGIS
in the heart was also significantly augmented in DE expo-
sure group (71.4+1.1% vs 78.4+2.5%, Filtered air vs DE;
p < 0.02) (Supplementary Figure 5C).

Discussion

Numerous epidemiological studies have shown that
exposure to fine particulate matter air pollution, includ-
ing DE, is association with cardiovascular disease, such
as atherosclerosis (Dockery et al., 1993; Brook et al.,
2010). Other (Campen et al., 2010) and our laboratory
have reported that exposure to DE promotes atheroscle-
rotic lesions to a more vulnerable status, indicated by an
increase of macrophage accumulation and a variety of
other markers for atherosclerosis progression (Bai et al.,
2011b). COX-1 or/and COX-2 has been implicated in ath-
erogenesis (Schonbeck et al., 1999; Pratico et al., 2001).
The aim of this study was to examine potential contribu-
tions of COX to DE-induced atherosclerosis. We found
that exposure to DE upregulated the expression of COX-2,
but not COX-1, in both blood vessels (Figure 1) and aortic
lesions (Figure 2). The production of PGI,, a downstream
metabolite of COX-2, was also increased (Figure 5), sug-
gesting DE enhanced COX-2 activity. That augmented
COX-2 expression in aortic lesions is correlated with aor-
tic smooth muscle cell content (Supplementary Figure 3),
implying a role of COX-2 and phenotypic changes in
atherosclerotic lesions.

Prostanoid biosynthesis is significantly increased in
response to inflammatory stimuli. Non-selective COX-1/
COX-2 inhibitors, or nonsteroidal anti-inflammatory
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Figure 1. Immunohistochemical analysis of COX-1 and COX-2 expression in the thoracic aorta. Representative photomicrographs of the
thoracic aorta stained for COX-1 (A, B) and COX-2 (D, E); C) COX-1 expression was not altered after DE exposure, n = 8, p = 0.2; F) COX-2
expression was significantly increased in DE exposure group, compared with the control, n = 8, *p < 0.007. L: lumen. Magnification: original

x400. Values are mean + SEM.

drugs (NSAIDs), have been widely used as anti-
inflammatory agents, highlighting the pro-inflammatory
role of these prostanoids. It is believed that COX-1
functions as a housekeeping enzyme that is constitutively
expressed in endothelial cells as well as vascular smooth

muscle cells, and responsible for the production of
physiological prostanoids to maintain cardiovascular
homeostasis. Nevertheless, overexpression of COX-1
is also implicated in a number of cardiovascular
diseases, including hypertension (Virdis et al., 2007) and

Inhalation Toxicology
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Figure 2. Immunohistochemical analysis of COX-1 and COX-2 expression in aortic root. Representative photomicrographs of aortic roots
stained for COX-1(A, B) and COX-2 (D, E); C) COX-1 expression was not altered after DE exposure, n = 8, p = 0.3; F) COX-2 expression was
increased in DE exposure group, n = 8, *p < 0.02. Magnification: original x200. Inset in A is the negative control. Values are mean + SEM.

atherosclerosis (Pratico et al., 2001). These deleterious TXA2 causes endothelial dysfunction and promotes
effects are mainly resulted from COX-1-derived vascular smooth muscle cell adhesion, migration and
TXA2, a potent vasoconstrictor and platelet activator. proliferation (McClelland et al., 2009). In this study, we

© 2012 Informa Healthcare USA, Inc.
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examined COX-1 protein and mRNA expression in blood
vessels and the heart, respectively. We noted that COX-1
was expressed by endothelial cells, smooth muscle cells
and macrophages (Supplementary Figure 1). COX-1
protein and mRNA expressions were not altered by
DE exposure (Figures 1C and 2C, Supplementary 5A).
Vascular functional study showed that the presence
of selective TXA2 receptor antagonist (SQ29548) did
not modify vasoconstriction in DE exposed group
(Supplementary Figure 4), suggesting that DE did not
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Figure 3. PE-stimulated vasoconstriction in the thoracic
aorta. Exposure to DE significantly attenuated PE-stimulated
vasoconstriction, n=9, *p < 0.05.
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affect TXA2 activity, which is predominantly regulated
by COX-1. It was reported that the upregulation of COX-1
expression mainly occurred in the early or acute stages
of cardiovascular dysfunction (Belton et al., 2003). This
notion may explain why we did not observe an increase
in our 7-week exposure model.

COX-2 is usually not detectable under normal
physiological conditions, but can be upregulated by
inflammatory or other pathological stimuli. We noted
that COX-2 was expressed in smooth muscle cells and
macrophages in mouse aorta (Supplementary Figures
1 and 2), and the expression of COX-2 was augmented
at both protein and mRNA levels (Figures 1F and 2F
Supplementary 5B). Elevated concentrations of a major
metabolite of PGI, 2,3-dinor-6-keto PGF, , in urine
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Figure 5. Increased urine 2,3-dinor-6-keto PGF, concentration.
Exposure to DE significantly increased urine 2,3-dinor-6-keto
PGF concentration, n = 10, *p < 0.007. Values are mean + SEM.
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Figure 4. The effect of DE exposure on COX activity. Concentration-response curves of PE-stimulated vasoconstriction show that COX
inhibitor caused significant reduction of constriction only in filtered air exposed mice (A) (rn =9, *p < 0.001), but not in DE group (B), n =9,
p = 0.17; C) The fractional changes of maximal vasoconstriction in the presence of indomethacin were significantly lower in DE exposure

group than the control, n=9, *p < 0.02.
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(Figure 5), and increased PGIS mRNA expression in
the heart (Supplementary Figure 5C) indicate that
COX-2 activity was also upregulated. Consistent with
our results, it was reported that DE increased COX-2
protein and mRNA expression in human macrophages
(Hofer et al., 2004). COX-2 expression was observed in
cardiovascular tissue of ApoE mice exposed to cigarette
smoke for 2 weeks (Barbieri & Weksler, 2007). In addition,
PM-induced overexpression of COX-2 in primary human
bronchial epithelial cells (Zhao et al., 2009).

Both human and animal studies have demonstrated
that COX-2 is implicated in the progression of ath-
erosclerosis (Schonbeck et al., 1999; Rott et al., 2003;
Burleigh et al., 2005), potentially by causing reac-
tive oxidative species production (Racz et al., 2010),
endothelial dysfunction (Hermann et al., 2003) and/
or smooth muscle activation and migration (Li et al.,
2006). We recently reported that exposure DE to ApoE
mice caused progression of atherosclerosis (Bai et al.,
2011b). The positive correlation between increased
aortic COX-2 expression and aortic smooth muscle
cell content (Supplementary Figure 3) implies a poten-
tial mechanism underlying the association between
COX-2 and atherosclerosis. We found that DE increased
oxidative stress (Bai et al., 2011b), but no association
was noted between COX-2 and ROS. In addition, ACh-
induced relaxation was not affected in this exposure
model (unpublished results).

In contrast to studies showing increased vasocon-
striction (Sun et al.,, 2005), PE-stimulated vasocon-
striction was significantly attenuated in DE exposure
group, as compared to the controls (Bai et al., 2011a).
We postulate that DE exposure caused an imbalance
between PGI, and TXA2 production, favoring more
COX-2 mediated PGI, production (Figure 4). This notion
is supported by data showing elevated concentrations
of a major metabolite of PGI,, 2,3-dinor-6-keto PGF ,
in urine (Figure 5), and increased PGIS mRNA expres-
sion in the heart (Supplementary Figure 5C). PGI, is a
potent vasodilator and a pro-inflammatory prostanoid
that enhances vascular permeability, whereby promot-
ing leukocyte trafficking. This notion further supports
COX-2-mediated increase of smooth muscle cells in
aortic lesions.

It is believed that PM-induced cardiovascular effect
results from lung and systemic inflammation following
exposure (Dockery et al., 1993; Seaton et al., 1995; Bai
et al., 2007; Brook et al., 2010). Using the same exposure
model, we have demonstrated that DE exposure caused
lung inflammation, which was indicated by increased
alveolar macrophages (Bai et al., 2011b) as well as the
expression of heat shock protein 70 (HSP70) in the lung
(Kido et al., 2011). In addition, we showed increased
band cell counts (Bai et al., 2011b) and systemic HSP70
concentration in DE exposed ApoE mice (Kido et al.,
2011), suggesting systemic inflammation. We correlated
COX-2 with both the magnitude of DE exposure (indi-
cated by total alveolar macrophages in the lung and the
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alveolar macrophages positive for particles) and systemic
response (indicated by band cells) to determine the
relationship between COX-2, the lung effect and the sys-
temic response, but no significant association was found
(data not shown). We speculate that COX-2 expression in
atherosclerosis plaque following DE exposure was medi-
ated locally in vascular walls. We recently demonstrated
that DE exposure increased iNOS expression (Bai et al.,
2011a). iNOS has been reported to cause upregulation of
COX-2, especially under pathological conditions (Kim et
al., 2005; Ye et al., 2008) . We noted that the expression
of COX-2 and iNOS by macrophages and smooth muscle
cells are co-localized in blood vessels (unpublished data).
We speculate that iNOS contributes to the upregulation
of COX-2 locally. The pathway(s) leading to COX activa-
tion by NO/iNOS are unclear, but may involve an interac-
tion at the iron-heme center of COX molecule where NO
interacts with iron-containing enzymes leading to either
a stimulation (such as via soluble guanylate cyclase) or
inhibition (such as via aconitase) of the enzymatic activ-
ity (Kalyanaraman et al., 1982; Karthein et al., 1987).
This interaction between iNOS and COX activation may
represent an important mechanism by which the initial
inflammatory response is amplified. Further investiga-
tions are warranted to clarify relationships between iNOS
and COX-2, using iNOS and COX-2 knockout mice.

Conclusion

In summary, we show that DE inhalation causes upregu-
lation of COX-2 (but not COX-1) activity and expression
in both blood vessels and aortic lesions. We previously
have shown that exposure to DE caused progression of
atherosclerosis in ApoE knockout mice (Bai et al., 2011b),
and we postulate that this upregulation of COX-2 may
play a role in DE-induced atherosclerosis.
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