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BACKGROUND: Mechanisms of cardiovascular injuries from exposure to gas and particulate air
pollutants are unknown.

OBJECTIVE: We sought to determine whether episodic exposure of rats to ozone or diesel exhaust par-
ticles (DEP) causes differential cardiovascular impairments that are exacerbated by ozone plus DEP.

METHODS AND RESULTS: Male Wistar Kyoto rats (10-12 weeks of age) were exposed to air, ozone
(0.4 ppm), DEP (2.1 mg/m?), or ozone (0.38 ppm) + DEP (2.2 mg/m?) for 5 hr/day, 1 day/week
for 16 weeks, or to air, ozone (0.51 or 1.0 ppm), or DEP (1.9 mg/m?) for 5 hr/day for 2 days. At the
end of each exposure period, we examined pulmonary and cardiovascular biomarkers of injury. In
the 16-week study, we observed mild pulmonary pathology in the ozone, DEP, and ozone + DEP
exposure groups, a slight decrease in circulating lymphocytes in the ozone and DEP groups, and
decreased platelets in the DEP group. After 16 weeks of exposure, mRNA biomarkers of oxidative
stress (hemeoxygenase-1), thrombosis (tissue factor, plasminogen activator inhibitor-1, tissue plas-
minogen activator, and von Willebrand factor), vasoconstriction (endothelin-1, endothelin receptors
A and B, endothelial NO synthase) and proteolysis [matrix metalloprotease (MMP)-2, MMP-3, and
tissue inhibitor of matrix metalloprotease-2] were increased by DEP and/or ozone in the aorta, but
not in the heart. Aortic LOX-1 (lectin-like oxidized low-density lipoprotein receptor-1) mRNA and
protein increased after ozone exposure, and LOX-1 protein increased after exposure to ozone + DEP.
RAGE (receptor for advanced glycation end products) mRNA increased in the ozone + DEP group.
Exposure to ozone or DEP depleted cardiac mitochondrial phospholipid fatty acids (DEP > ozone).
The combined effect of ozone and DEP exposure was less pronounced than exposure to either pollut-
ant alone. Exposure to ozone or DEP for 2 days (acute) caused mild changes in the aorta.

CONCLUSIONS: In animals exposed to ozone or DEP alone for 16 weeks, we observed elevated bio-
markers of vascular impairments in the aorta, with the loss of phospholipid fatty acids in myocardial
mitochondria. We conclude that there is a possible role of oxidized lipids and protein through

LOX-1 and/or RAGE signaling.
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Cardiac physiological impairments have
been noted after ozone exposure in rodents
(Uchiyama et al. 1986; Watkinson et al. 2001).
Studies have shown that ambient particulate
matter (PM) and diesel exhaust particles (DEP)
cause decreased heart rate variability (Chuang
et al. 2007) and impair endothelial function
in humans (Peretz et al. 2008). Moreover, PM
exposure has been associated with myocardial
ischemia (Zhang et al. 2009), microvascular
thrombosis (Lucking et al. 2008), athero-
sclerosis (Kunzli et al. 2010), and diabetes in
humans (Kramer et al. 2010). Although a few
animal experiments with PM and ozone pro-
vide supportive evidence for human associa-
tions (Chuang et al. 2009; Sun et al. 2009), the
molecular mechanism(s) for cardiopulmonary
interactions are unknown.

One of the mechanisms proposed for
PM-induced cardiovascular effects involves
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systemic translocation of the leachable com-
ponents, such as metals, causing direct cardio-
vascular impairment (Wallenborn et al. 2008,
2009); however, it is not known how vascular
effects are caused by pollutants that do not
translocate systemically. The release of pulmo-
nary cytokines and vasoactive mediators in the
circulation has been proposed to cause systemic
endothelial changes. A few studies have shown
temporal increases in the circulating cytokines
after PM exposure (Swiston et al. 2008; van
Eeden et al. 2005); however, in many cases no
such increases have been reported (Cassee et al.
2005; Gottipolu et al. 2009; Kodavanti et al.
2008; Wilson et al. 2010). Thus, some cardio-
vascular effects of PM might be mediated by
yet unexplained mechanisms.

Both diabetes and atherosclerosis have
been linked to PM exposure in epidemiological
studies and in limited animal studies (Pereira

Filho et al. 2008; Sun et al. 2009). The pri-
mary cause of diabetic vascular complications
involves activation of endothelial receptors
for advanced glycation end products (RAGE),
which recognizes circulating oxidatively modi-
fied proteins (Yan et al. 2009). Similarly,
vascular complications of atherosclerosis are
mediated by lectin-like oxidized low-density
lipoprotein-1 (LOX-1) receptors that bind
oxidatively modified lipids and stimulate
downstream signaling involving nuclear factor
kappa B (VFkB) (Navarra et al. 2009). It is
likely that inhaled pollutants cause oxidation
of key proteins and lipids, and their presence in
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circulation promotes RAGE and LOX-1 signal-
ing and downstream vascular oxidative stress,
inflammation, vasoconstriction, protease/
antiprotease imbalance, and thrombosis.

We have shown cardiac mitochondrial
oxidative stress and suppression of genes for
antioxidant compensatory mechanisms in the
absence of increases in biomarkers associated
with cardiac inflammation and thrombosis
in rats inhaling diesel exhaust and other PM
(Gottipolu et al. 2009; Kodavanti et al. 2008).
Cellular mitochondrial oxidative stress has
been shown to cause membrane phospholipid
hydrolysis, generation of bioactive lipid signal-
ing mediators, and formation of reactive inter-
mediates of polyunsaturated fatty acids (PUFA)
(Kagan et al. 2009). However, it is not known
if myocardial mitochondrial phospholipids are
altered after exposure to ozone or DEP.

We hypothesized that both ozone and DEP
exposure would cause aortic changes consistent
with oxidative stress, inflammation, thrombo-
sis, vasoconstriction, and proteolysis involving
RAGE, LOX-1, and cardiac membrane phos-
pholipid fatty acid oxidation in healthy rats,
and that exposure to ozone plus DEP would
lead to additive or synergistic interactions.

Materials and Methods

Animals. We purchased healthy male Wistar
Kyoto rats, 10-12 weeks of age, from Charles
River Laboratories Inc. (Raleigh, NC, USA).
Rats were acclimatized (21 + 1°C, 50 + 5% rel-
ative humidity, and 12-hr light/dark cycle) for
1 week in an animal facility approved by the
Association for Assessment and Accreditation
of Laboratory Animal Care International. All
animals received standard Purina rat chow
(Purina Mills, Brentwood, MO, USA) and
water ad libitum. The use of animals in this
study was approved by the Animal Care and
Use Committee of the National Health and
Environmental Effects Research Laboratory,
U.S. Environmental Protection Agency (EPA).
The animals were treated humanely and with
regard for alleviation of suffering.

Ozone and DEP aerosol generation.
A bulk DEP sample was collected using
a bag house collection devise during opera-
tion of a stationary 30-kW Deutz engine as
described previously (Shinyashiki et al. 2009;
Stevens et al. 2009). DEP particles were
aerosolized using a string generator system
(Ledbetter et al. 1998) for distribution to a
24-port flow-by nose-only inhalation cham-
ber [see Supplemental Material, “Methods”
(doi:10.1289/ehp.1002386)]. In the 16-week
study, ozone was generated using a gas phase
titration diluter. The ozone concentration was
monitored continuously using a photomet-
ric ozone analyzer (Model 400; Advanced
Pollution Instruments, San Diego, CA, USA).
For acute exposures, ozone was generated from
oxygen using an OREC silent arc discharge
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ozone generator (Osmonics, Phoenix, AZ,
USA) [see Supplemental Material, “Methods”
(doi:10.1289/ehp.10023806)].

Animal exposure. For the episodic study,
rats (n = 20/group) were exposed for 5 hr/
day, 1 day/week for 16 weeks, to either ozone
or DEP or to a combination of ozone + DEP,
based on our previous studies (Kodavanti et al.
2008). The desired chamber concentrations
were 0.5 ppm ozone and 2.0 mg/m® DEP.
To determine whether effects observed after
16 weeks of episodic exposure were due to an
effect of the last exposure, we also performed
an acute study in which rats were exposed
to air, ozone (0.5 or 1.0 ppm), or DEP
(2.0 mg/m?) for 5 hr/day for 2 consecutive
days [see Supplemental Material, “Methods”
(doi:10.1289/¢hp.1002386)].

Monitoring of breathing parameters.
We used whole-body plethysmography to
determine the effect, if any, of DEP, ozone,
or ozone + DEP on the respiratory system
each week prior to and after exposure in the
16-week study [see Supplemental Material,
“Methods” (doi:10.1289/ehp.1002386)].
Automated breath-by-breath analyses were per-
formed using a rejection algorithm described
previously (Kodavanti et al. 2005).

Necropsy, sample collection, and broncho-
alveolar lavage fluid (BALF) analysis. Two
days after 16-week episodic exposure (16-week
study) or 1 day after 2 consecutive days of
exposure (acute study), rats (7 = 6/group)
were anesthetized with sodium pentobarbital
(50-100 mg/kg, intraperitoneal injection).
Blood was collected from the abdominal aorta
into collection tubes containing EDTA (for
complete blood count), citrate (for plasma
protein analysis), or no anticoagulant (serum
for metabolic markers). The heart was weighed
and cut into two mid-longitudinal halves.
One half was fixed in 10% neutral formalin,
and the left ventricle portions of the second
half were snap-frozen in liquid nitrogen and
retained at —80°C.

The right lung was lavaged with Ca**/
Mg**-free phosphate-buffered saline (pH 7.4)
as described previously (Gottipolu et al. 2009).
Lavaged right lung lobes were quick-frozen
in liquid nitrogen for later RNA extraction.
The left lung was tracheally fixed with neutral
formalin for later histological evaluation. The
thoracic aorta was cut into three pieces; a por-
tion of the aorta at the origin was fixed in for-
malin, and the rest was cut into two pieces and
stored at —80°C for later analysis. A portion of
spleen was also fixed in formalin for histologi-
cal evaluation. BALF was processed for total
cell counts and lung injury markers (protein,
albumin, and lactate dehydrogenase activity)
as previously reported (Gottipolu et al. 2009).

Blood chemistry and cytology. In both
16-week and acute studies, aliquots of blood
collected into tubes containing EDTA, citrate,
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or no coagulants (for serum) were used for vari-
ous analyses. Complete blood counts were per-
formed using a Beckman-Coulter AcT blood
analyzer (Beckman-Coulter Inc., Fullerton,
CA, USA). Fibrinogen, adiponectin, and meta-
bolic markers were analyzed in the plasma or
serum samples [see Supplemental Material,
“Methods” (doi:10.1289/ehp.1002386)].

Tissue processing for histology. In the
16-week study, 2-3 pm sections of left lung,
heart, thoracic aorta, and spleen were stained
with hematoxylin and eosin for examination by
light microscopy [see Supplemental Material,
“Methods” (doi:10.1289/ehp.1002386)]. All
lesions observed were graded on a four-point
scale (1, minimal; 2, mild; 3, moderate; and 4,
marked), based on published criteria (Nyska
et al. 2005).

RNA isolation and real-time PCR. Total
lung, heart, and thoracic aorta RNA for the
16-week study and lung and aorta RNA for
the acute study were isolated using RNeasy
mini kits (Qiagen, Valencia, CA, USA). We
performed one-step real-time reverse-tran-
scription polymerase chain reaction (RT-PCR)
with the SuperScript III Platinum One-Step
Quantitative RT-PCR kit from Invitrogen
(Carlsbad, CA, USA); and target-specific prim-
ers using the ABI Prism 7900 HT sequence
detection system (Applied Biosystems, Foster
City, CA, USA) [see Supplemental Material,
“Methods” (doi:10.1289/¢hp.1002386)].

Aorta LOX-1 and RAGE protein analy-
sis. In the 16-week study, extracts from tho-
racic aorta were analyzed for protein using a
Bradford reagent kit (Biorad, Hercules, CA,
USA) and were subjected to SDS-PAGE
electrophoresis. Membranes were incubated
with rabbit polyclonal anti-mouse LOX-1
(Abcam, Cambridge, MA, USA) or anti-rat
B-actin and developed using chemilumines-
cence. Densitometry was performed using
Image ] software (National Institutes of
Health 2010). For RAGE, we used anti-rat
(c20) polyclonal goat antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA)
[see Supplemental Material, “Methods”
(doi:10.1289/ehp.1002386)].

Cardiac mitochondria, lipid extraction,
and farty acid analysis. For the 16-week study,
a separate group of rats was anesthetized as
described above to prepare cardiac mitochon-
dria fractions (7 = six rats/group). We used a
small portion of the left ventricle for isolation
of mitochondria (Gottipolu et al. 2009). Lipid
extraction and analysis of fatty acids were per-
formed as described previously (Parinandi et al.
1990a, 1990b). Briefly, lipids were extracted,
and phospholipids were methylated by alka-
line methanolysis to prepare fatty acid methyl
esters. The resulting facty acid methyl esters
were analyzed by gas chromatography-mass
spectrometry (GC-MS) using the Shimadzu
QP2010 GC-MS (Shimadzu Scientific
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Instruments, Columbia, MD, USA) equipped
with Restek column. Fatty acids were normal-
ized to milligrams of mitochondrial protein.

Statistical analysis. Data were analyzed
by one-way analysis of variance (ANOVA)
using SigmaStat, version 3.5 (Systat Software,
Inc., Point Richmond, CA, USA). This sta-
tistical program automatically selected the
most appropriate test with each biomarker
depending on the distribution of values within
a given data set. In some comparisons, we
used Kruskal-Wallis one-way ANOVA on
ranks. Group comparisons were made using
the Holm-Sidak, Tukey’s, or Dunn’s method.
The Mann-Whitney rank sum test was used in
individual group comparisons for some bio-
markers. We considered a p-value of 0.05 to
be statistically significant.

Results

Ozone and DEP exposure characteristics. The
daily mean (x SD) concentrations of ozone
and DEP for all three exposure groups are
given in Supplemental Material, Table 1
(d0i:10.1289/ehp.1002386). The actual

mean (+ SD) ozone concentrations achieved
in the 16-week study for ozone only and for
ozone + DEP chambers were 0.403 + 0.051
and 0.382 + 0.064 ppm, respectively, and the
mean (+ SD) DEP concentrations for DEP
only and for ozone + DEP were 2.14 + 0.66
and 2.19 + 1.10 mg/m?, respectively. The mass
medial aerodynamic diameter (MMAD) was
1.20 pm [geometric standard deviation (GSD),
2.67] [see Supplemental Material, “Results”
(d0i:10.1289/ehp.1002386)]. In the acute
study, the mean ozone concentrations achieved
for the 0.5 ppm and 1.0 ppm chambers were
0.51 ppm and 1.00 ppm, respectively, and the
mean DEP concentration was 1.89 mg/m?.
The MMAD was 0.86 pm (GSD, 2.42). The
composition of the DEP bulk particle sample
has been described previously (Shinyashiki
et al. 2009; Stevens et al. 2009).

Body weights and breathing parameters
after episodic (16-week) exposure. As deter-
mined on the day after exposure, the aver-
age Weight losses for the air, ozone, DEP,
and ozone + DEP groups were -3 g, -9 g,
—4 ¢, and -8 g, respectively. We observed no
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Figure 1. Episodic 16-week exposure to air, ozone (03; 0.5 ppm), DEP (2 mg/m?), or 03 + DEP induces mRNA
expression for biomarkers of oxidative stress, thrombaosis, vasoconstriction, and proteolytic balance in the
aorta. mRNA expression was analyzed using real-time PCR. Values shown are mean + SEM of six animals.
For MMP-2, MMP-3, and TIMP-2, one-way ANOVA followed by Holm-Sidak test was used; for all other
markers, Kruskal-Wallis one-way ANOVA on ranks was followed by Dunn's test.

*p <0.05 relative to air controls.
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significant effect of time x exposure; however,
we did note some significant time-related and
ozone exposure—related differences (p < 0.05).
[See Supplemental Material, “Results” and
Figure 1 (doi:10.1289/¢hp.1002386)].

We observed no significant changes in
any of the breathing parameters [breathing
frequency, tidal volume, minute volume,
inspiratory time, expiratory time, or PenH
(enhanced pause)] after DEP exposure (data
not shown). However, all ozone-exposed rats
(ozone, ozone + DEP) exhibited increased
PenH [see Supplemental Material, Figure 2,
(d0i:10.1289/¢hp.1002386)]. Increased
PenH provides an index of labored breath-
ing in some types of airway injuries and is
computed by integration of breathing param-
eters and the time spans of inhalation and
exhalation. The effect of ozone 1 day after the
first week of exposure was greater than the
effects seen during subsequent weeks of expo-
sure (3—16 weeks), suggesting partial adap-
tation [see Supplemental Material, “Results”
(doi:10.1289/ehp.1002386)].

Pulmonary and systemic alterations after
16-week exposure. We assessed several pul-
monary and systemic biomarkers in order
to understand their potential contributions
in cardiac and vascular toxicity. No signifi-
cant changes were observed in total cells or
alveolar macrophages; however, we noted a
small but significant increase in neutrophils in
BALF after DEP exposure [see Supplemental
Material, Figure 3A (doi:10.1289/
ehp.1002386)]. This effect of DEP was not
evident in rats exposed to ozone + DEP. BALF
protein, albumin, and lactate dehydrogenase
activity were not increased by any of the expo-
sure regimen (see Supplemental Material,
Figure 3B). Rather, lactate dehydrogenase
activity was reduced in rats exposed to ozone.

Circulating hemoglobin levels were slightly
but significantly increased by ozone or DEP
but not by ozone + DEP, whereas platelets
were decreased in DEP-exposed rats [see
Supplemental Material, “Results” and Table 2
(doi:10.1289/ehp.1002386)]. Circulating
lymphocytes, when calculated as the percent-
age of total white blood cells, decreased with
all exposures (p < 0.05); however, this trend
did not reach significance when the data were
expressed as cells per milliliter of blood. Plasma
fibrinogen was slightly decreased by DEP. We
observed no other notable exposure-related
changes in clinical markers of metabolic
disorder and thrombosis (see Supplemental
Material, “Results” and Table 2).

Pulmonary, cardiac, and aortic histological
changes after 16-week exposure. The number
of animals affected and mean lung pathol-
ogy severity score per animal are shown in
Supplemental Material, Table 3 (doi:10.1289/
¢hp.1002386). All exposures caused mild his-
tological alterations in the lung. Macrophages
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contained numerous dark DEP granules of
various sizes in the alveoli and the lymphoid
aggregates along major airways in DEP and
ozone + DEP—exposed rats (see Supplemental
Material, Figure 4). We noted mild thickening
of terminal bronchioles, alveolar ducts, and
adjacent alveoli, with a small degree of intersti-
tial inflammation, in ozone and ozone + DEP—
exposed rats. No exposure-related changes
were observed in the heart, spleen, or aorta
(see Supplemental Material, Table 3).

Expression of mRNA biomarkers in the
lung, heart, and aorta after 16-week exposure.
To determine molecular alterations within
the lung, heart, and the aorta in parallel,
we analyzed a number of biomarkers at the
mRNA level. The biomarkers were selected
to reflect oxidative stress [hemeoxygenase-1
(HO-1)], proteolytic activity [matrix metallo-
protease (MMP)-2, MMP-3, MMP-9, and
tissue inhibitor of matrix metalloprotease-2
(TIMP-2)], inflammation [macrophage
inflammatory protein-2 (MIP-2) and tumor
necrosis factor-ot (7NF-0)], prothrombotic
changes [tissue factor (7F), tissue plasmino-
gen activator (#PA), plasminogen activator
inhibitor-1 (PAI-1), von Willebrand factor
(vWF), thrombomodulin (7hbd)], vascular
contractility alterations [endothelin-1 (E7-1),
endothelin receptor-A (ETR-A), endothelin
receptor-B (E7R-B), endothelial NO syn-
thase (eNOS), angiotensin-1I, atrial natri-
uretic peptide (ANP), and brain natriuretic
peptide (BNP)], and signaling through the
receptors that recognize circulating protein
oxidation end products (RAGE) and LOX-1.
Surprisingly, we saw no remarkable effects
on any of the biomarkers in the left ventricu-
lar tissue with any of the exposures [see
Supplemental Material, Table 4 (doi:10.1289/
¢hp.1002386)]. Small but significant increases
in lung 7NF-0u were present after exposure to
ozone or DEP, and MIP-2 was increased after
DEP exposure. Similarly, three biomarkers
were slightly increased in rats after exposure:
tPA after ozone or DEP, PAI-1 after DEP,
and 7F after ozone + DEP (see Supplemental
Material, Table 4).

Interestingly, we observed marked up-
regulation in biomarkers in the aorta (Figure 1).
HO-1 mRNA was increased in the aorta of
rats exposed to ozone or DEP, but not
ozone + DEP. The expression of MIP-2 or
T'NF-0. was not altered by any of the expo-
sures. TF increased in DEP and ozone + DEP—
exposed rats. Ozone or DEP alone, but not
ozone + DEP, increased #PA, PAI-1, vWJ, and
also 7hbd (Figure 1). Data suggest that both
ozone and DEP individually induced pro-
thrombotic changes in the aorta.

Expression of E7-1 and ETR-A was
enhanced after exposure to ozone or DEP,
but not ozone + DEP (Figure 1), whereas
ETR-B increased only with ozone + DEP.
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Angiotensin-II, ANP, and BNP mRNA were
variable in all exposure groups including con-
trols, and no consistent differences could be
ascertained (data not shown). The expression
of eNOS increased slightly but significantly
in ozone- or DEP-exposed rats; however,
this trend was not signiﬁcant in the case of
ozone + DEP.

MMP-2 was up-regulated several-fold
by ozone or DEP in the aorta (Figure 1).
MMP-3 increased significantly with ozone,
but the trends for DEP and ozone + DEP
were not significant. MMP-9 was not up-
regulated by any exposures; however, 7/MP-2
expression was increased by both ozone and
DEP. TIMP-2 expression in ozone + DEP—
exposed rats was not different from controls
(Figure 1).

LOX-1 mRNA tended to increase after
exposure to ozone and ozone + DEP; how-
ever, only the ozone group reached the level
of significance (p < 0.05). RAGE expression
increased only in ozone + DEP—exposed rats.
High-mobility group box-1 (HMGB-1),
shown to be involved in chronic inflamma-
tion, was up-regulated in aortas from rats
exposed to ozone + DEP (Figure 2A).

There was an increase in LOX-1 protein
in rats exposed to ozone and ozone + DEP.
Although LOX-1 protein was increased
by DEP exposure, it was not significant
(Figure 2B). We observed no consistent
changes in RAGE protein with any exposures
(data not shown).

Loss of cardiac mitochondrial phospho-
lipid farty acids after 16-week exposure. Both
ozone and DEP exposures decreased saturated,
monounsaturated, and PUFA in myocardial
mitochondria (Figure 3). In DEP-exposed
rats, fatty acids decreased in every measureable
case, whereas with ozone, the decrease was
significant with only two fatty acids. On the
other hand, we observed no decreases of either
the saturated or unsaturated (mono- and poly-
unsaturated) fatty acids in rats exposed to
ozone + DEP (Figure 3). These results sug-
gested that the loss of mitochondrial PUFA
might involve phospholipase-mediated or
nonenzymatic hydrolysis (deacylation) and/or
peroxidation.

Acute ozone- and DEP-induced effects in
the lung and aorta. As expected, we observed
no significant changes in lung inflam-
mation or injury markers in rats exposed
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Figure 2. Expression of LOX-1, RAGE, and HMGB-1 mRNA (A) and LOX-1 protein (B) in the aorta of rats after
episodic exposure to air, ozone (03; 0.5 ppm), DEP (2 mg/md), or O3 + DEP. mRNA expression was analyzed
using real-time PCR, and protein extracts were analyzed for LOX-1 using Western blotting. Values shown are
mean + SEM of six animals. The Mann-Whitney rank sum test was used for mMRNA data; for LOX-1 protein
analysis, Kruskal-Wallis one-way ANOVA on ranks was followed by post hoc comparison using Dunn’s test.
*p <0.05 relative to air controls.
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Figure 3. Depletion of cardiac mitochondrial PUFA after episodic exposure to air, ozone (03; 0.5 ppm),
DEP (2 mg/md), or 03 + DEP in rats. PUFA were analyzed by GC-MS. Values shown are mean + SEM of six
animals. Fatty acid designations are as follows: C16:0, palmitic acid; C16:1, palmitoleic acid; C18:0, stearic
acid; C18:1, oleic acid; C18:2, linoleic acid; C20:3, dihomo-g-linolenic acid; C20:4, arachidonic acid; C20:5,
eicosapentaenoic acid; C22:4, docosatetraenoic acid; C22:5, doecosapentaenoic acid; and C22:6, docosa-
hexaenoic acid. Kruskal-Wallis one-way ANOVA on ranks followed by Dunn’s test was employed for fatty
acid 20.4; one-way ANOVA followed by Holm-Sidak test was used for all other markers.

*p <0.05 relative to air controls.

204 205 224 225 226
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to 0.5 ppm ozone or DEP as assessed in
BALF, but 1.0 ppm ozone increased neutro-
phils, which was also reflected in total cell
increase [see Supplemental Material, Figure 5
(d0i:10.1289/¢hp.1002386)]. Similarly
BALF protein and albumin also increased
after exposure to 1.0 ppm ozone. We found
no noticeable changes in systemic levels of
white or red blood cells and adiponectin (see
Supplemental Material, Table 5). DEP, but
not ozone, at 0.5 ppm increased MIP-2, tPA,
LOX-1, and RAGE mRNA in the lung (see
Supplemental Material, Figure 6). In the
lung, 0.5 ppm ozone increased PAI-1 expres-
sion, and at 1.0 ppm increased HO-I expres-
sion. The changes observed in the aorta were
less remarkable after acute exposure com-
pared with 16-week exposure. We observed
no changes in aortic mRNA biomarkers of
thrombosis, inflammation, or proteolysis in
any exposure conditions (see Supplemental
Material, Figure 7). The only significant
increases were observed in E7-1 mRNA
after exposure to 1.0 ppm ozone or DEP,
and in E7R-B after 1.0 ppm ozone. Because
aortic LOX-1 and HMGB-1 mRNA in rats
exposed to 0.5 ppm ozone tended to be lower
than in air controls, the comparison between
0.5 ppm ozone and DEP yielded a statistically
significant difference. However, no signifi-
cant changes were discernible in LOX-1 and
HMGB-1 relative to air controls in ozone- or
DEP-exposed rats (see Supplemental Material,
Figure 7).

Discussion

Credible explanation of how inhaled pollut-
ants, particulate or gas, might induce systemic
vascular and cardiac molecular alterations
remains an area of intense research in the field
of environmental cardiology. In this study, we
asked if biologically significant and consistent
vascular and cardiac effects can be observed
in rats inhaling 2) DEP, which increases vaso-
constriction in humans (Peretz et al. 2008)
and accelerates atherosclerosis in apolipo-
protein E-null (ApoE~~) mice (Campen
et al. 2010; Peretz et al. 2008); &) ozone,
which produces marked cardiophysiological
effects in rats (Uchiyama et al. 1986); or
¢) ozone + DEP. We focused on the biomark-
ers related to inflammation, oxidative stress,
microvascular thrombosis, vasoconstriction,
and proteolysis in three tissues: lung, heart,
and thoracic aorta. In the episodic 16-week
exposure scenario, mRNA expression of any
of the biomarkers was not affected in the heart
either by ozone, DEP, or ozone + DEP. Small
increases were noted in only a few markers of
inflammation and thrombosis in the lung after
ozone or DEP exposure. However, marked
up-regulation was observed in aortas from
rats exposed to ozone or DEP alone, but not

ozone + DEP (HO-1, tPA, PAI-1, vWf, Thbd,
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ET-1, ETR-A, eNOS, MMP-2, and TIMP-2).
Changes induced by acute exposure were less
remarkable. Because binding of circulating
oxidatively modified protein and lipid adducts
to RAGE and LOX-1 on the endothelial sur-
face induces expression of these biomarkers
and mediates vascular pathogenesis of diabetes
and atherosclerosis (Navarra et al. 2009; Yan
et al. 2009), we postulated that these receptors
will be up-regulated in the aorta as a result of
increased oxidation by-products generated in
response to ozone or DEP exposure. LOX-1
but not RAGE mRNA and protein levels were
up-regulated in rats exposed to ozone, whereas
RAGE and HMGB-1 mRNA increased only
in rats exposed to ozone + DEP. In our previ-
ous study of 4-week inhalation to whole diesel
exhaust (Gottipolu et al. 2009), we noted no
changes of inflammatory and prothrombosis
biomarkers in the heart, but we observed inhi-
bition of myocardial mitochondrial aconitase
activity and suppression of compensatory
genes; therefore, we postulated that ozone and
DEP exposure might cause cardiac mitochon-
drial membrane PUFA to be altered because
of oxidative stress. In the present study, we
observed that several PUFA in cardiac mito-
chondria decreased after weekly inhalation
exposure to ozone or DEP, suggesting oxi-
dative modifications. These effects of ozone
or DEP alone were less remarkable in rats
exposed to ozone + DEP. Thus, we provide
the evidence that episodic 16-week, but not
acute, exposure of rats to ozone or DEP alone
induces common and pollutant-specific aortic
and cardiac molecular alterations. We postu-
late that oxidatively modified lipid and protein
mediators produced within the lung and heart
might promote vascular pathology through
LOX-1 and/or RAGE signaling in a pollutant-
specific manner.

The changes we observed in the aorta
of healthy rats are interesting in light of the
reported increases in plaque size and oxida-
tive stress in ApoE~/~ mice after long-term
exposure to DEP or concentrated ambient
PM (Campen et al. 2010; Sun et al. 2005).
Increased superoxide generation and mRNA
expression of NADPH oxidase, and iNOS
(inducible nitric oxide synthase) after sub-
chronic PM exposure have been proposed to
be mediated via GTP signaling (Ying et al.
2009). Increased activation of ras homolog
gene family, member A (RhoA)/Rho-kinase
signaling has been postulated to mediate
hypertension in mice subchronically exposed
to ambient PM (Ying et al. 2009). More
recently, subchronic ozone exposure has also
been shown to increase oxidative modifica-
tions in the mouse aorta (Chuang et al. 2009).
Although the evidence suggests that oxidative
stress might be involved in vascular effects of
air pollutants, individual studies have been
performed with limited tissue targets, one

pollutant, or only a few biomarkers. Thus,
where oxidative stress is generated and how
it affects vasculature versus myocardial tissue
remains unclear.

Upon binding of oxidatively modified lip-
ids, vascular LOX-1 receptors signal down-
stream activation of mitogen-activated protein
kinases (MAPKs) and NF«xB, together with
increased MMPs, endothelin-1, and inhibi-
tion of protein kinase B (PKB/Akt), leading
to apoptosis (Navarra et al. 2009). Activation
of NFKkB causes gene expression of inflam-
matory proteins, MMPs, PAI-1, and TF and
increased foam cell accumulation within the
vessel. Similarly, RAGE activation also medi-
ates downstream signaling through NF«B,
which is linked to endothelial dysfunction
(Navarra et al. 2009). HMGB-1, recently
known as the “late” proinflammatory media-
tor of systemic inflammation, has been shown
to activate MAP kinase and NFxB signaling
through RAGE (Sims et al. 2010). Oxidation
of proteins and lipids is likely within the lung
lining and also at extrapulmonary sites such
as heart after ozone or DEP exposure. Ozone
oxidizes a number of lipid moieties of surfac-
tant, especially phosphatidylethanolamine, and
generates reactive lipid mediators (Wynalda
and Murphy 2010). Ozone also can oxidize
pulmonary proteins (Uhlson et al. 2002).
Further, pulmonary inflammation might also
lead secondarily to oxidation of lipids and pro-
teins within the lung lining and epithelium.
We postulate that, if unrepaired, these oxida-
tion by-products escape into the circulation
and mediate endothelial signaling through
LOX-1 and RAGE. Data from the present
study show that LOX-1 gene and protein were
both increased in the rats exposed to ozone
and that RAGE mRNA was increased in the
case of ozone + DEP, and these were associ-
ated with up-regulation of biomarkers of oxi-
dative stress, thrombosis, vasoconstriction, and
increased proteolytic activity. DEP-induced
up-regulation of these biomarkers in the aorta
might be mediated through HMGBI and pos-
sibly RAGE signaling. Although both ozone
and DEP caused similar vascular effects in a
few biomarkers in the 16-week study, critical
differences existed for aortic LOX-1 mRNA
and protein induction with different expo-
sures. Identification of the precise mechanisms
and oxidation by-products in the circulation is
needed to further support these hypotheses.

The lack of effect of DEP or ozone on
cardiac pathology or gene expression of bio-
markers examined in the present study sup-
ports results of our previous study (Gottipolu
et al. 2009) in which 1-month exposure to
inhaled diesel exhaust showed no induction of
these same biomarkers in the heart. However,
marked repression of cardiac genes related to
compensatory responses and structural com-
ponents, as well as mitochondrial aconitase
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activity, in that study prompted us to examine
the effect of ozone and DEP on composition
of fatty acid phospholipids as an index of oxi-
dative stress in the myocardial mitochondria.
PUFA concentrations were decreased in myo-
cardial mitochondria after exposure to ozone
and DEP alone, likely due to phospholipase-
mediated or nonenzymatic oxidation (Jin and
Zhou 2009; O’Connor Butler et al. 2010).
The loss of phospholipids might impair con-
tractile response of the myocardium. These
results show that, in the given experiment,
molecular alterations in the myocardium are
distinct from those in the systemic vascular
tissues, and might reflect the nature of tissue
and the functional properties of each cell type.
Ultimately, after > 16-week exposure, cardiac
tissues might also be prone to inflammatory
pathology.

We observed effects of ozone and DEP on
the aorta only after 16-week episodic exposure.
The small effect on ET-1 and the tendency
toward an increase in MMPs after acute expo-
sure may suggest that these effects progressively
increased over the course of exposure. The role
of HMGBI, together with changes in blood
hemoglobin, lymphocytes, and platelets, may
be critical in progression of vascular effects
over a long period and needs to be examined
further. The episodic nature of exposure could
have resulted in a pattern of reexposure when
adaptive responses had already subsided at
each successive week. It is noteworthy that
marked vascular effects were apparent without
substantial lung inflammation.

Although the ozone and DEP exposure
concentrations we used are higher than would
be expected in urban areas, they may relate
to pollutant deposition during exercise in
humans exposed to high ozone and PM or
during extreme episodic spikes of high ambi-
ent levels, especially in developing countries.
One unexpected outcome of the present study
was the generalized diminished response of
ozone + DEP relative to individual pollutant
exposure in the 16-week study. Human expo-
sure to gas and particulate air pollution occurs
as a mixture, but very few studies have exam-
ined biological effects of mixtures, although
human studies have shown additive effects of
DEP and ozone (Bosson et al. 2008). In the
present study, efforts were made to minimize
interaction time between ozone and DEP and
to maintain steady target ozone concentration
at nose-only port. Nonetheless, the ozone con-
centrations at the nose-only port was slightly
lower than the target ozone concentration
in the ozone + DEP chamber (0.37 ppm as
opposed to 0.4 ppm in ozone-only chamber),
supporting the possibility of some degree of
chemical reaction prior to interacting with
biological molecules in the airway lining.
Ozone + DEP could chemically interact in
the air before the encounter with lung lining

Vascular responses to exhaust particles and ozone

fluid (Jeong and Park 2008) or independently
affect biological processes with diminished
ultimate response (Thomson et al. 2005).
Deactivation of reactive organic polycyclic
aromatic hydrocarbons on the DEP has been
shown to deplete ozone (Poschl 2002). This
interactive aspect of ozone and DEP becomes
highly relevant because these major air pol-
lution components might undergo chemical
modifications during atmospheric aging.

Conclusion

Our data show that weekly episodic exposure
to ozone (which does not translocate systemi-
cally) or DEP alone—but not the combina-
tion (ozone + DEP)—causes marked mRNA
up-regulation of biomarkers of oxidative stress,
protease/antiprotease balance, microvascular
thrombosis, and vasoconstriction in the aorta.
These effects were not evident in the heart. We
also observed that cardiac mitochondrial phos-
pholipid fatty acids decrease after exposure to
ozone or DEP alone but not ozone + DEP,
likely resulting in oxidative modifications.
Biomarkers of vascular pathogenesis and asso-
ciated increases in vascular LOX-1 and/or
RAGE expression might be mediated through
circulating oxidation by-products of lipids
and proteins.

CORRECTION

The name of Narasimham L. Parinandi was
misspelled in the original manuscript pub-
lished online. It has been corrected here.

REFERENCES

Bosson J, Barath S, Pourazar J, Behndig AF, Sandstrom T,
Blomberg A, et al. 2008. Diesel exhaust exposure enhances
the ozone-induced airway inflammation in healthy humans.
Eur Respir J 31(6):1234-1240.

Campen MJ, Lund AK, Knuckles TL, Conklin DJ, Bishop B,
Young D, et al. 2010. Inhaled diesel emissions alter athero-
sclerotic plaque composition in ApoE~~ mice. Toxicol Appl
Pharmacol 242(3):310-317.

Cassee FR, Boere AJ, Fokkens PH, Leseman DL, Sioutas C,
Kooter IM, et al. 2005. Inhalation of concentrated par-
ticulate matter produces pulmonary inflammation and
systemic biological effects in compromised rats. J Toxicol
Environ Health A 68(10):773-796.

Chuang GC, Yang Z, Westbrook DG, Pompilius M, Ballinger CA,
White CR, et al. 2009. Pulmonary ozone exposure induces
vascular dysfunction, mitochondrial damage, and athero-
genesis. Am J Physiol Lung Cell Mol Physiol 297(2):L.209-L216.

Chuang KJ, Chan CC, Su TC, Lin LY, Lee CT. 2007. Associations
between particulate sulfate and organic carbon exposures
and heart rate variability in patients with or at risk for cardio-
vascular diseases. J Occup Environ Med 49(6):610-617.

Gottipolu RR, Wallenborn JG, Karoly ED, Schladweiler MC,
Ledbetter AD, Krantz T, et al. 2009. One-month diesel
exhaust inhalation produces hypertensive gene expression
pattern in healthy rats. Environ Health Perspect 117:38-46.

Jeong JI, Park SU. 2008. Interaction of gaseous pollutants with
aerosols in Asia during March 2002. Sci Total Environ
392(2-3):262-276.

Jin'S, Zhou F. 2009. Lipid raft redox signaling platforms in vascu-
lar dysfunction: features and mechanisms. Curr Atheroscler
Rep 11(3):220-226.

Kagan VE, Bayir HA, Belikova NA, Kapralov 0, Tyurina YY,
Tyurin VA, et al. 2009. Cytochrome c/cardiolipin relations

Environmental Health Perspectives - voLume 119 | Numser 3 | March 2011

in mitochondria: a kiss of death. Free Radic Biol Med
46(11):1439-1453.

Kodavanti UP, Schladweiler MC, Gilmour PS, Wallenborn JG,
Mandavilli BS, Ledbetter AD, et al. 2008. The role of particu-
late matter-associated zinc in cardiac injury in rats. Environ
Health Perspect 116:13-20.

Kodavanti UP, Schladweiler MC, Ledbetter AD, McGee JK,
Walsh L, Gilmour PS, et al. 2005. Consistent pulmonary and
systemic responses from inhalation of fine concentrated
ambient particles: roles of rat strains used and physico-
chemical properties. Environ Health Perspect 113:1561-1568.

Kramer U, Herder C, Sugiri D, Strassburger K, Schikowski T,
Ranft U, et al. 2010. Traffic-related air pollution and inci-
dent type 2 diabetes: results from the SALIA Cohort Study.
Environ Health Perspect 118:1273-1279.

Kiinzli N, Jerrett M, Garcia-Esteban R, Basagafa X,
Beckermann B, Gilliland F, et al. 2010. Ambient air pollu-
tion and the progression of atherosclerosis in adults. PLoS
One 5(2):9096; doi:10.1371/journal.pone.0009096 [Online
8 February 2010].

Ledbetter AD, Killough P, Hudson GF. 1998. A low-sample-
consumption dry-particulate aerosol generator for use in
nose-only inhalation exposures. Inhal Toxicol 10:239-251.

Lucking AJ, Lundback M, Mills NL, Faratian D, Barath SL,
Pourazar J, et al. 2008. Diesel exhaust inhalation increases
thrombus formation in man. Eur Heart J 29(24):3043-3051.

National Institutes of Health. 2010. Image J. Available: http://
rsh.info.nih.gov/ij/ [accessed 21 January 2011].

Navarra T, Del Turco S, Berti S, Basta G. 2009. The lectin-like
oxidized low-density lipoprotein receptor-1 and its soluble
form: cardiovascular implications. J Atheroscler Thromb
17(4):317-331.

Nyska A, Murphy E, Foley JF, Collins BJ, Petranka J, Howden R,
et al. 2005. Acute hemorrhagic myocardial necrosis and
sudden death of rats exposed to a combination of ephedrine
and caffeine. Toxicol Sci 83(2):388-396.

0’Connor Butler ES, Mazerik JN, Cruff JP, Sherwani Sl,
Weis BK, Marsh CB, et al. 2010. Lipoxygenase-catalyzed
phospholipid peroxidation: preparation, purification,
and characterization of phosphatidylinositol peroxides.
Methods Mol Biol 610:387-401.

Parinandi NL, Thompson EW, Schmid HH. 1990a. Diabetic heart
and kidney exhibit increased resistance to lipid peroxidation.
Biochim Biophys Acta 1047(1):63-69.

Parinandi NL, Weis BK, Natarajan V, Schmid HH. 1990b.
Peroxidative modification of phospholipids in myocardial
membranes. Arch Biochem Biophys 280(1):45-52.

Pereira Filho MA, Pereira LA, Arbex FF, Arbex M, Conceigédo GM,
Santos UP, et al. 2008. Effect of air pollution on diabetes
and cardiovascular diseases in Sao Paulo, Brazil. Braz J
Med Biol Res 41(6):526-532.

Peretz A, Sullivan JH, Leotta DF, Trenga CA, Sands FN, Allen J,
et al. 2008. Diesel exhaust inhalation elicits acute vaso-
constriction in vivo. Environ Health Perspect 116:937-942.

Poschl U. 2002. Formation and decomposition of hazardous
chemical components contained in atmospheric aerosol
particles. J Aerosol Med 15(2):203-212.

Shinyashiki M, Eiguren-Fernandez A, Schmitz DA, Di Stefano E,
Li N, Linak WP, et al. 2009. Electrophilic and redox proper-
ties of diesel exhaust particles. Environ Res 109(3):239-244.

Sims GP, Rowe DC, Rietdijk ST, Herbst R, Coyle AJ. 2010.
HMGB1 and RAGE in inflammation and cancer. Annu Rev
Immunol.28:367-388.

Stevens T, Cho SH, Linak WP, Gilmour MI. 2009. Differential poten-
tiation of allergic lung disease in mice exposed to chemically
distinct diesel samples. Toxicol Sci 107(2):522-534.

Sun Q, Wang A, Jin X, Natanzon A, Duguaine D, Brook RD, et al.
2005. Long-term air pollution exposure and acceleration of
atherosclerosis and vascular inflammation in an animal
model. JAMA 294(23):3003-3010.

Sun Q, Yue P, Deiuliis JA, Lumeng CN, Kampfrath T, Mikolaj MB,
et al. 2009. Ambient air pollution exaggerates adipose
inflammation and insulin resistance in a mouse model of
diet-induced obesity. Circulation 119(4):538-546.

Swiston JR, Davidson W, Attridge S, Li GT, Brauer M,
van Eeden SF. 2008. Wood smoke exposure induces a
pulmonary and systemic inflammatory response in fire-
fighters. Eur Respir J 32(1):129-138.

Thomson E, Kumarathasan P, Goegan P, Aubin RA, Vincent R.
2005. Differential regulation of the lung endothelin system by
urban particulate matter and ozone. Toxicol Sci 88(1):103-113.

Uchiyama |, Simomura Y, Yokoyama E. 1986. Effects of acute
exposure to ozone on heart rate and blood pressure of the
conscious rat. Environ Res 41(2):529-537.

317




Kodavanti et al.

Uhlson C, Harrison K, Allen CB, Ahmad S, White CW, Murphy RC.
2002. Oxidized phospholipids derived from ozone-treated
lung surfactant extract reduce macrophage and epithelial
cell viability. Chem Res Toxicol 15(7):896-906.

van Eeden SF, Yeung A, Quinlam K, Hogg JC. 2005. Systemic
response to ambient particulate matter: relevance to
chronic obstructive pulmonary disease. Proc Am Thorac
Soc 2(1):61-67.

Wallenborn JG, Evansky P, Shannahan JH, Vallanat B,
Ledbetter AD, Schladweiler MC, et al. 2008. Subchronic
inhalation of zinc sulfate induces cardiac changes in
healthy rats. Toxicol Appl Pharmacol 232(1):69-77.

Wallenborn JG, Kovalcik KD, McGee JK, Landis MS,
Kodavanti UP. 2009. Systemic translocation of %zinc:

kinetics following intratracheal instillation in rats. Toxicol
Appl Pharmacol 234(1):25-32.

Watkinson WP, Campen MJ, Nolan JP, Costa DL. 2001. Cardio-
vascular and systemic responses to inhaled pollutants in
rodents: effects of ozone and particulate matter. Environ
Health Perspect 109(suppl 4):539-546.

Wilson DW, Aung HH, Lame MW, Plummer L, Pinkerton KE,
Ham W, et al. 2010. Exposure of mice to concentrated
ambient particulate matter results in platelet and systemic
cytokine activation. Inhal Toxicol 22(4):267-276.

Wynalda KM, Murphy RC. 2010. Low-concentration ozone
reacts with plasmalogen glycerophosphoethanolamine
lipids in lung surfactant. Chem Res Toxicol 23(1):108-117.

Yan SF, Ramasamy R, Schmidt AM. 2009. The receptor for

advanced glycation endproducts (RAGE) and cardio-
vascular disease. Expert Rev Mol Med 11:e9; doi:10.1017/
$146239940900101X [Online 12 March 2009].

Ying Z, Yue P, Xu X, Zhong M, Sun Q, Mikolaj M, et al. 2009. Air
pollution and cardiac remodeling: a role for RhoA/Rho-
kinase. Am J Physiol Heart Circ Physiol 296(5):H1540-H1550.

Zhang ZM, Whitsel EA, Quibrera PM, Smith RL, Liao D,
Anderson GL, et al. 2009. Ambient fine particulate matter
exposure and myocardial ischemia in the Environmental
Epidemiology of Arrhythmogenesis in the Women's
Health Initiative (EEAWHI) study. Environ Health Perspect
117:751-756.

318

voLuME 119 | NumBer 3| March 2011 - Environmental Health Perspectives



