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Recent epidemiological studies have demonstrated associations
between air pollution and adverse effects that extend beyond res-
piratory and cardiovascular disease, including low birth weight,
appendicitis, stroke, and neurological/neurobehavioural outcomes
(e.g., neurodegenerative disease, cognitive decline, depression, and
suicide). To gain insight into mechanisms underlying such effects,
we mapped gene profiles in the lungs, heart, liver, kidney, spleen,
cerebral hemisphere, and pituitary of male Fischer-344 rats imme-
diately and 24h after a 4-h exposure by inhalation to particulate
matter (0, 5, and 50 mg/m* EHC-93 urban particles) and ozone (0,
0.4, and 0.8 ppm). Pollutant exposure provoked differential expres-
sion of genes involved in a number of pathways, including anti-
oxidant response, xenobiotic metabolism, inflammatory signalling,
and endothelial dysfunction. The mRNA profiles, while exhibiting
some interorgan and pollutant-specific differences, were remark-
ably similar across organs for a set of genes, including increased
expression of redox/glucocorticoid-sensitive genes and decreased
expression of inflammatory genes, suggesting a possible hormonal
effect. Pollutant exposure increased plasma levels of adrenocorti-
cotropic hormone and the glucocorticoid corticosterone, confirm-
ing activation of the hypothalamic-pituitary-adrenal axis, and there
was a corresponding increase in markers of glucocorticoid activity.
Although effects were transient and presumably represent an adap-
tive response to acute exposure in these healthy animals, chronic
activation and inappropriate regulation of the hypothalamic-pitu-
itary-adrenal axis are associated with adverse neurobehavioral,
metabolic, immune, developmental, and cardiovascular effects. The
experimental data are consistent with epidemiological associations
of air pollutants with extrapulmonary health outcomes and suggest
a mechanism through which such health effects may be induced.
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corticoid; hypothalamic-pituitary-adrenal axis; systemic effects;
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Variation in the levels of air pollutants has primarily been
associated with increased risk of cardiovascular and respiratory
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morbidity and mortality (Burnett et al., 1995, 1997; Pope et al.,
2004). Recent epidemiological studies have now also found
associations of common air pollutants with a number of other
adverse health effects. These include effects associated with
long-term exposure to air pollutants such as neurodegenera-
tive disease (Calderon-Garciduenas et al., 2004), cognitive
impairment (Chen and Schwartz, 2009; Power et al., 2011;
Ranft et al., 2009; Weuve et al., 2012), and low birth weight
(Bell et al., 2007) and effects associated with short-term vari-
ation in pollutant levels such as stroke (Hong et al., 2002;
Villeneuve et al., 2006), appendicitis (Kaplan ez al., 2009),
depression (Lim et al., 2012; Szyszkowicz et al., 2009), and sui-
cide (Biermann et al., 2009; Kim et al., 2010; Szyszkowicz et al.,
2010), among others. If substantiated, these studies suggest that
the health burden attributable to air pollution may be considera-
bly greater than conventional estimates. However, the biological
processes underlying such health effects are not well understood.

If pollutant inhalation provokes acute biological responses
that can precipitate adverse extracardiopulmonary health
outcomes in susceptible individuals, it is reasonable to suppose
that evidence of these responses can be found in altered gene
expression. Perturbation of gene expression by air pollutants
has been examined using targeted and global (e.g., microarray)
approaches (Sen et al., 2007). Although microarrays provide
a comprehensive analysis of the entire transcriptome and
have been used effectively to distinguish among different
pathologies, they may have insufficient power to detect subtle
biologically significant responses arising from environmental
exposures in vivo (Thomson et al., 2009b). Using real-time
PCR, we have shown previously that expression of genes
implicated in vasoregulation in the lungs, cerebral hemisphere,
and pituitary is altered following exposure of rats by inhalation
to two common pollutants implicated in the health effects of air
pollution, particulate matter, and ozone (Thomson et al., 2005,
2006, 2007). It is clear even from this small set of genes that
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responses in the lungs, brain, and pituitary differ markedly from
each other following exposure and that individual pollutants
provoke distinct responses.

Our objective in this study was to gain insight into systemic
effects of ozone and particulate matter exposure by “mapping”
changes in gene expression across organs after pollutant inhala-
tion. We hypothesized that monitoring the expression of genes
involved in a number of biological pathways would generate
a profile unique to the pollutant, time, and organ that could be
used to understand processes underlying adverse health out-
comes. Because evaluation of transcript levels in whole organs
implies that any changes in gene expression in a subset of cells
would be diluted by the mass of nonresponding cells, we rea-
soned that the pattern of responses may serve as a more use-
ful measure of biological significance than the magnitude of
response of a given gene or pathway. In addition, we antici-
pated that expression profiles would provide evidence of poten-
tial mediators of effects, the identity of which could then be
confirmed through subsequent focussed analyses.

MATERIALS AND METHODS

Animals. Specific pathogen-free Fischer-344 male rats (200-250g) were
obtained from Charles River (St Constant, Québec, Canada). Animals were
housed in individual plexiglass cages on wood-chip bedding under HEPA-
filtered air and held to a 12-h dark/light cycle. Food and water were provided ad
libitum. All experimental protocols were reviewed and approved by the Animal
Care Committee of Health Canada.

Inhalation exposure to air pollutants. Animals were exposed to EHC-93
urban particles (Bouthillier ez al., 1998; Vincent et al., 1997a, b, 2001), ozone, or
the combined pollutants using a nose-only inhalation system. Rats (n = 4—6 per
treatment group) were trained in nose-only exposure tubes over 5 consecutive
days and then exposed for 4h to clean air or to combinations of the individual
pollutants EHC-93 (0, 5, and 50 mg/m?) and ozone (0, 0.4, and 0.8 ppm) as pre-
viously described (Thomson et al., 2005; Vincent et al., 1997a, b). Animals were
euthanized immediately after exposure or following 24-h recovery in filtered
air. The particle size distribution of resuspended EHC-93 in our flow-past nose-
only exposure system was multimodal, with two respirable modes at 1.3 pm
aerodynamic diameter (D, ;) and 3.6 um D, that together comprised 55% of
the mass of the aerosol, and a nonrespirable mode at 15 pm D, that comprised
45% of the mass (Vincent et al., 2001). Dosimetric analysis and comparison
with a plausible human scenario performed previously (Thomson et al., 2005)
indicated that the ratio of an experimental particle EHC-93 dose within the res-
piratory compartment of the rats during the 5 mg/m?® exposure (2.5ng/cm?) and
50mg/m? exposure (25ng/cm?) to the particle dose calculated for a plausible
24-h human exposure scenario (1.3ng/cm?) is 2-fold and 20-fold, respectively.
The ratio of the centriacinar ozone dose at 0.4 ppm O, (214ng O,/cm?) and 0.8
ppm O, (427ng O /cm’) to the estimated internal dose in a human subject under
a plausible 24-h exposure scenario (127ng O,/cm?) is 1.7-fold and 3.4-fold,
respectively. The dose rate in our study was obviously higher than for a 24-h
environmental exposure, as the duration of nose-only exposure should be kept to
a minimum for ethical reasons. Nevertheless, from a toxicological perspective,
the pulmonary deposition of the pollutants are relevant to the human situation
once uncertainty factors such as interspecies differences and the heightened sen-
sitivity of a subset of the population are considered.

Biological samples. Rats were anaesthetized by administration of sodium
pentobarbital (60 mg/kg, ip). Blood was collected from the abdominal aorta
into vacutainer tubes containing the sodium salt of EDTA at 10mg/ml and
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PMSF at 1.7mg/ml, mixed gently, and placed on ice (Kumarathasan et al.,
2001). Plasma was isolated by centrifugation (2000 rpm for 10 min), aliquoted,
and frozen at —80°C. The lungs were washed by bronchoalveolar lavage with
warm saline (37°C) at 30 ml/kg body weight, then flash frozen in liquid nitro-
gen, and stored at —80°C. Heart, liver, kidney, and spleen were snap-frozen in
liquid nitrogen. After exsanguination, the head was removed by decapitation at
the first cervical vertebra. The brain was removed and the cerebral hemisphere
was dissected, snap-frozen in liquid nitrogen, and stored at —80°C. The pitui-
tary was removed and stored in the preservative solution RNAlater (Qiagen
Inc., Mississauga, Ontario, Canada) at —20°C.

RNA isolation. Frozen lung, heart, liver, kidney, spleen, and cerebral
hemisphere samples were homogenized in TRIzol reagent (Invitrogen Canada
Inc., Burlington, Ontario, Canada), and total RNA was isolated according to the
manufacturer’s instructions. Pituitary total RNA was isolated using MiniPrep
kits (Qiagen Inc.). Samples were aliquoted to avoid repeated freeze-thaw cycles
and stored at —80°C. RNA was quantified in triplicate using the RiboGreen RNA
Quantitation Reagent and Kit (Molecular Probes, Eugene, OR). Total RNA con-
centration was normalized for each sample and reverse transcribed using MuLV
reverse transcriptase and random hexamers (Applied Biosystems, Mississauga,
Ontario, Canada) according to the manufacturer’s instructions. Reactions were
prepared using master mixes of reagents to minimize variation in reagent com-
position, and reactions were performed on all samples for a given tissue simulta-
neously under uniform conditions. Negative control samples run in parallel were
generated by replacing the reverse transcriptase with DNAse/RNAse-free H,O.

Real-time PCR analysis. Primers were designed to produce amplicons
of less than 150 bases and an optimal annealing temperature of 60°C using
the Universal Probe Library design software (Roche Diagnostics Canada,
Laval, Quebec, Canada) and Primer-BLAST software (National Center
for Biotechnology Information, Bethesda, MD) and are presented in
Supplementary table 1. In silico testing was performed using mfold software
(Zuker, 2003) to verify absence of secondary structure in the amplicon and
surrounding template that might interfere with primer binding. Primers
were validated for high (> 90%) efficiency using a dilution series of rat
RNA. A robotic liquid handler (Caliper Zephyr Compact Liquid Handling
Workstation, PerkinElmer, Woodridge, Ontario, Canada) was employed to
dispense and mix reagents, prepared in bulk for uniform reagent composition,
with cDNA. Forty nanograms of cDNA were incubated with iQ SYBR Green
Supermix (Bio-Rad Laboratories (Canada) Ltd, Mississauga, Ontario, Canada)
and 200 nM of each primer in a total volume of 20 pl/well. All reactions were
performed in duplicate on 96-well plates in a spectrofluorometric thermal cycler
(Lightcycler 480, Roche Diagnostics Canada). Uniform reaction conditions and
reproducibility of results across the PCR plate were verified according to the
method previously described (Thomson and Vincent, 2005). All time-matched
samples from a given tissue were assessed on a single plate to eliminate any
potential impact of plate-to-plate or run-to-run variability. Negative control
samples from the reverse transcription reaction were included on all plates to
test for the presence of contaminating genomic DNA. PCR runs were initiated
by incubation at 95°C for 3min to activate the iTAQ polymerase followed by
50 cycles of denaturation at 95°C, annealing at 60°C, and elongation at 72°C,
each for 10 s. Fluorescence was monitored at every cycle during the elongation
step. A melt curve was conducted following each run to verify product purity.

Seven candidate reference genes (B-actin, glyceraldehyde-3-phosphate
dehydrogenase, hypoxanthine guanine phosphoribosyl transferase, peptidylpro-
lyl isomerase A, ribosomal protein 132, TATA box binding protein, and tyros-
ine-3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta
polypeptide) were assessed for stability across treatment groups in each organ.
RefFinder (Chen et al., 2011), incorporating four commonly used approaches to
select the best reference gene (GeNorm [Vandesompele et al., 2002], BestFinder
[Pfaffl et al., 2004], NormFinder [Andersen et al., 2004], and delta Ct [Silver
et al., 2006]), was used to rank candidate genes. Statistical analyses (two-way
and three-way ANOVAs) were then used to test for significant effects of treat-
ment on the geometric mean of combinations of reference genes, followed
by individual genes in order of rank. For the lungs, heart, spleen, cerebral
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hemisphere, and pituitary, 3-actin was found to be the most stable gene, for the
kidney, the geometric mean of 3-actin, glyceraldehyde-3-phosphate dehydroge-
nase, and tyrosine-3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta polypeptide was used, whereas for the liver, peptidylprolyl isomer-
ase A was selected. Expression was calculated relative to the reference gene(s)
using the delta-delta Ct method (Livak and Schmittgen, 2001), and expressed as
fold change relative to time-matched air control samples.

Matrix-assisted laser desorptionfionization time-of-flight mass spec-
trometric analysis of rat plasma for adrenocorticotropic hormone. Rat
plasma samples were purified using 10kDa molecular weight cutoff filters
(Mohottalage et al., 2007). Purified samples were spotted on the AnchorChip
target plate (600/384F, Bruker Daltonics Ltd, Milton, Ontario, Canada) fol-
lowing a dried droplet method with on-target washing (Kumarathasan et al.,
2005). Washed spots were dried and analyzed by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectrometry using analysis
parameters described previously (Mohottalage et al., 2007). Peak area values
associated with the analyte peak at m/z 2093.1 assigned to the adrenocortico-
tropic hormone (ACTH) (1-17) fragment were normalized to the total ion peak
area of the corresponding mass spectrum.

Corticosterone ELISA. Corticosterone was assessed in 2 pl of plasma
using the DetectX Corticosterone Enzyme Immunoassay Kit (Arbor Assays,
Ann Arbor, MI) according to manufacturer’s instructions.

Statistical analyses. Data are expressed as geometric mean + geomet-
ric standard deviation. Where necessary, results were transformed to meet the
requirements of normality and equal variance. Data were analyzed by two-way
ANOVA (immediately after exposure) with ozone (0, 0.4, and 0.8 ppm) and EHC
(0, 5, and 50 mg/m?) as factors or three-way ANOVA with ozone (0 and 0.8 ppm),
EHC (0 and 50 mg/m?), and TIME (0 and 24 h postexposure) as factors, followed
by the Holm-Sidak multiple comparison procedure to elucidate the pattern of sig-
nificant effects (o = 0.05; Sigma-Plot 12.3, Systat Software Inc., San Jose, CA).
Effects of pollutants on endothelin-1, endothelin-3, iNOS, eNOS, and tumor
necrosis factor (TNF) mRNAs in the lungs, cerebral hemisphere, and pituitary
of the animals have previously been reported (Thomson ez al., 2005, 2006, 2007)
and are included here to allow for direct comparison with effects in other organs.

RESULTS

Mapping Transcriptional Impacts of Pollutant Exposure:
Systemic Effects

To examine systemic effects of pollutant exposure, we meas-
ured transcript levels of genes involved in a variety of bio-
logical pathways, notably antioxidant response, inflammatory
response, xenobiotic metabolism, metal response, vasoregu-
lation/endothelial dysfunction, and hypoxia and angiogenesis
(genes and abbreviations are listed in the legend of Fig. 1). To
facilitate comparison of treatment effects across organs, we
created vector diagrams representing fold change relative to
air-exposed control animals. Due to the large quantity of dose-
response data, in these figures the results from the high-dose
exposures alone were used to allow rapid visual comparison of
effects. Displaying the fold change relative to the control air-
exposed animals for each exposure (ozone, particles, or coex-
posure to ozone and particles) produced a profile in each organ,
allowing effects of exposures to be compared directly within an
organ according to differences in their shape and differences
in response across organs to be quickly identified (Fig. 1).
Vector diagrams were also generated that plot the effects of
pollutants on a given gene across all organs, facilitating direct
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comparison of the pollutant effect on a given transcript among
organs (Fig. 4). Because neither approach displays the variance
in the data, all group means and statistical significance are pre-
sented in Supplementary table 2. Unless indicated otherwise,
all effects discussed in text were statistically significant.

Pollutant inhalation modified gene expression in all organs
examined, with the lungs, heart, and pituitary being particularly
responsive (Fig. 1). In general, changes in gene expression were
transient, returning to control levels after 24h, except where
noted below. The “shape” of the response to both pollutants was
remarkably similar in the liver, kidney, and spleen immediately
after exposure and comprised a subset of responses observed
in all organs. Commonly affected genes included a systemic
increase in mRNA levels of the stress/metal-responsive metal-
lothionein genes, with particularly prominent responses in the
lungs and pituitary. Hypoxia-inducible factor (HIF)-3a, the tran-
scriptionally regulated member of the HIF family of transcrip-
tion factors, was increased two- to threefold in all organs. The
histone H3 Lys27 demethylase JMJD3, an important regulator
of transcription implicated in cell differentiation, was increased
in all organs by ozone. Although particles and ozone increased
ET-1 expression (vasoregulation/endothelial dysfunction) in the
lungs (Thomson et al., 2005), ozone alone increased expression
in the heart, kidney, and spleen but not in liver. Expression of
the proinflammatory genes TNF, chemokine (C-C motif) ligand
2 (CCL-2)/monocyte chemotactic protein-1 (MCP-1), and inter-
leukin (IL)-1f3 was decreased in most organs by particles and
ozone. Although the effect was statistically significant predomi-
nantly at the high dose of particles or ozone, expression tended
to be decreased in low-dose exposure groups for several organs,
with the strongest effects measured in the kidney (Fig. 2).

Differential Effects of Ozone and Particulate Matter in
the Lungs

Notwithstanding the similar responses of several genes
across organs, there were a number of organ-specific effects.
This was particularly evident in the lungs. The pulmonary
response to ozone was characterized by induction of antioxidant
and inflammatory genes, notably increased metallothionein and
IL-6 mRNA (Fig. 3). Ozone also provoked a modest increase of
CYPIBI and a delayed (24 h only) increase in CCL-2/MCP-1
mRNA (Figs. 1A and B). In addition to nonsignificant impacts
on lung metallothionein mRNA levels at the 50 mg/m? exposure
(EHC main effect, p = 0.125; Fig. 3B), particulate matter
inhalation resulted in modest increases in the antioxidant/
xenobiotic response gene NAD(P)H dehydrogenase quinone
1 (NQOI1) and the xenobiotic responsive cytochrome P450
family 1 member Al (CYP1AI; Fig. 4).

Extrapulmonary Effects of Pollutant Exposure

Comparison of expression across organs for a given gene
highlighted differences among extrapulmonary responses
(Fig. 5). In addition to a response in the lungs, CYP1A1 mRNA
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A. Lung (0 h) B. Lung (24 h) C. Heart (0 h) D. Heart (24 h)
MT-1 MT-1 MT-1 MT-1
VEGF_6 MT-2 VEGF_ 6 MT-2 VEGF_ 4 MT-2 VEGF_4 MT-2
JMJID3 5 MT-3 JMID3 5 MT-3 JMJD3 s MT-3 JMID3 MT-3
3
Cel2 4 CYP1A1 Col2 4 CYP1A1 ccL2 CYP1A1 ceL2 CYP1A1
3 3 2
IL-6 5 CYP1B1 IL-6 B CYP1B1 IL6 CYP1B1 IL-6 CYP1B1
TNF ET-1 TNF % ET-1 TNF ET-1 TNF ET-1
IL-1B ET-3 IL-1B ET3 IL-1B ET-3 IL-1 ET-3
PTGS2 iNOS ~ PTGS2 iNOS  PTGS2 iNOS  PTGS2 iNOS
GSTA2 eNOS GSTA2 eNOS GSTA2 eNOS GSTA2 eNOS
GSR HIF-30 GSR HIF-30: GSR HIF-30. GSR HIF-30.
NQO1 HMOX-1 NQOT HMOX-1 NQOT HMOX-1 NQO1 HMOX-1
E. Liver (0 h) F. Liver (24 h) G. Kidney (0 h) H. Kidney (24 h)
MT-1 MT-1 MT-1 MT-1
VEGF_4 MT-2 VEGF 4 MT-2 VEGF_4 MT-2 VEGF_ 4 MT-2
JMJD3 MT-3 JMJD3 MT-3 JMJD3 MT-3 JMJD3 MT-3
3 3 3
ccL2 CYP1A1 ccL2 CYP1A1 ccL2 CYP1A1 ccL2 CYP1A1
2 2 2
CYPIB1 IL-6 CYP1B1 IL-6 CYP1B1 IL-6 CYP1B1
TNF ET-1 TNF ET-1 TNF ET-1
IL-1p ET3  IL-1B ET-3 IL-1B ET-3 IL-1B ET-3
PTGS2 iNOS  pTGS2 iNOS  PTGS2 iNOS ~ PTGS2 iNOS
GSTA2 eNOS GSTA2 eNOS GSTA2 eNOS GSTA2 eNOS
HIF-30 2 GSR HIF-30 GSR HIF-30:
SRuaor HMOX-1 GSRyaor AvoX > NQO1 HMOX-1 NQO1 HMOX-1
I. Spleen (0 h) J. Spleen (24 h) K. Cerebral Hemisphere (0 h) L. Cerebral Hemisphere (24 h)
MT-1 MT-1 MT-1 MT-1
VEGF_ 4 MT-2 VEGF_4 MT-2 VEGF_3 MT-2 VEGF_3 MT-2
JMJD3 MT-3 JMJD3 MT-3 JMJD3 MT-3 JMJD3 MT-3
3 3
ccL2 CYP1A1 ccL2 CYP1A1 ccL2 2 CYP1A1 ccL2 2 CYP1A1
2
CYP1B1 IL-6 CYP1B1 IL-6 CYP1B1 |L-6 CYP1B1
T TNF ET-1 TNF ET-1 TNF ET-1
IL-1B IL-1B ET3 IL-1B ET-3 |L-1B ET-3
PTGS2 iNOS  PTGS2 iNOs ~ PTGS2 iNOS  pTGS2 iNOS
GSTA2 eNOS GSTA2 eNOS GSTA2 eNOs GSTA2 eNOS
GSR HIF-30: X GSR HIF-30. .
NQOT — HMOX-1 CSR ot mmox T3¢ NQOT  HMOX-1 CSR ot Hmox T3
M. Pituitary(0 h) N. Pituitary (24 h)
MT-1
VEGF 3 VEGF_ 3 MT-2
JMJD3 MT 3 JMJD3 MT-3
cCL2 CYP1A1 CCL2 2 CYP1A1
IL-6 CYP1B1 IL-6 CYP1B1 —— 50 mg/m3 EHC-93
T-1 TNF ET-1 —— 0.8 ppm Ozone
IL-1 ET-3 IL-1B ET-3
b —— 50 mg/m?3 EHC-93 / 0.8 ppm Ozone
PTGS2 iINOS  PTGS2 iNOS
GSTA2 eNOS GSTA2 eNOS
GSR HIF-30: GSR HIF-30:
NQO1 HMOX-1 NQO1 HMOX-1

FIG. 1. Mapping pollutant effects across organs. Gene expression was assessed in all organs 0 and 24 h after exposure of rats (n = 4-6 per group) to 50 mg/m?
particulate matter (blue line), 0.8 ppm ozone (red line), or coexposure to 50 mg/m? particulate matter and 0.8 ppm ozone (green line). Vector diagrams display the
fold change in response to treatment relative to the mean of the air control group for each gene. Genes that fell below the level of detection were given a value of
1. Statistical analyses for all genes are presented in Supplementary table 2. Metallothionein (MT), cytochrome p450 family (CYP), endothelin (ET), inducible
nitric oxide synthase (iNOS), endothelial nitric oxide synthase (eNOS), hypoxia inducible factor (HIF), heme oxygenase (HMOX), NAD(P)H dehydrogenase
quinone 1 (NQOL1), glutathione reductase (GSR), glutathione S-transferase A2 (GSTA2), prostaglandin endoperoxide synthase 2 (PTGS2), interleukin (IL),
tumour necrosis factor (TNF), chemokine (CC motif) ligand 2 (CCL2), histone H3 lysine-27 demethylase JMJD3, and vascular endothelial growth factor (VEGF).

was increased in the heart and pituitary by both particles and particle exposure (Fig. SA). Unlike the transient responses of
ozone, but in contrast to pulmonary effects, the effect of ozone metallothionein genes in most organs, there was a trend toward
in both organs was of greater magnitude than the effect of a sustained increase in the liver following particle exposure
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diately after exposure to ozone and particulate matter (EHC-93). To facilitate comparison of effects across multiple organs for a given treatment, only effects of
exposure to EHC-93 (0, 5, and 50 mg/m?®) or ozone (0, 0.4, and 0.8 ppm) are displayed (n = 4-6 per group). Results are presented as the geometric mean + geomet-
ric standard deviation. Asterisks denote statistical significance relative to control (Holm-Sidak, p < 0.05) as guided by statistical analyses (two-way ANOVA) con-
ducted on the entire data set that includes coexposure to both ozone and particulate matter. Complete statistical analyses are presented in Supplementary table 2.

although this effect was not observed in the presence of ozone
(three-way ANOVA, MT-1, EHC main effect, p = 0.068; MT-2,
EHC x Ozone x Time interaction, p = 0.059; Figs. 5B and C).
After initially decreasing in most organs, CCL-2/MCP-1 mRNA
increased in the kidney 24 h after exposure to the pollutants
(Fig. 5D). The gene profiles of the cerebral hemisphere and
pituitary displayed features similar to other organs, including
transient increases of metallothionein genes, hypoxia-inducible
factor-3a,, and JMJD3 and decreased inflammatory gene
expression (Fig. 1). In addition, there was a small immediate
increase of pituitary IL-6 mRNA (Fig. SE) and a prominent

increase of PTGS2 mRNA (Fig. 5F), an effect that was not seen
in other organs.

Activation of the Hypothalamic-Pituitary-Adrenal Axis and
Corticosterone Release After Exposure to Ozone and
Particulate Matter

Given the pronounced response of the pituitary to pol-
lutant exposure and the systemic decrease in expression of
inflammatory genes, we hypothesized that at least a subset of
effects represented a common response to activation of the
hypothalamic-pituitary-adrenal (HPA) stress axis, resulting in
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FIG. 3. Antioxidant and inflammatory responses in the lungs after ozone
inhalation. Animals (n = 4-6 per group) were exposed to particulate matter (0,
5, and 50 mg/m* EHC-93), ozone (0, 0.4, and 0.8 ppm), or combinations of
particles and ozone for 4 h and euthanized 0 or 24 h after exposure. Results are
presented as the geometric mean + geometric standard deviation. Letters over
bars indicate statistical significance (Holm-Sidak, p < 0.05). (A) Lung IL-6
mRNA immediately after exposure. Ozone main effect, p < 0.001. *0 versus 0.4
ppm ozone; 0, 0.4 versus 0.8 ppm ozone. (B) Lung metallothionein (MT)-2
mRNA immediately after exposure. Ozone main effect, p < 0.001. *0, 0.4 ver-
sus 0.8 ppm ozone.

glucocorticoid release. Moreover, MT-1 and MT-2, which exhib-
ited systemic increases in response to pollutant exposure, are
activated by glucocorticoids (Ghoshal et al., 1998). The increase
of PTGS2 mRNA, a critical activator of the HPA axis (Bugajski
et al., 2004; Reimsnider and Wood, 2004), by both particles
and ozone, appeared to be additive, consistent with impacts on
the HPA axis by both pollutants (Fig. 6A). To assess whether
pollutant inhalation resulted in activation of the HPA axis, we
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FIG. 4. Xenobiotic and antioxidant gene response in the lungs after par-
ticulate matter inhalation. Animals (n = 4-6 per group) were exposed to par-
ticulate matter (0, 5, and 50 mg/m* EHC-93), ozone (0, 0.4, and 0.8 ppm), or
combinations of particles and ozone for 4 h and euthanized 0 or 24 h after expo-
sure. Results are presented as the geometric mean + geometric standard devia-
tion. Letters over bars indicate statistical significance (Holm-Sidak, p < 0.05).
(A) Lung cytochrome P450 family 1 member Al (CYP1A1) mRNA immedi-
ately after exposure. EHC main effect, p < 0.001. %0, 5 versus 50 mg/m?. (B)
Lung NAD(P)H dehydrogenase quinone 1 (NQO1) mRNA immediately after
exposure. EHC main effect, p = 0.025. %0, 5 versus 50 mg/m®.

measured ACTH levels in plasma. MALDI-TOF mass spec-
trometric analysis confirmed increased levels of a peak corre-
sponding to the expected molecular weight of the ACTH (1-17)
fragment (Ozone main effect, p = 0.015, two-way ANOVA, one-
tailed a = 0.05; Fig. 6B). As ACTH signalling triggers release
of the glucocorticoid corticosterone from the rat adrenal gland,
we examined whether pollutant exposure increased plasma cor-
ticosterone. Plasma corticosterone was increased immediately
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after exposure, returning to control levels following 24-h recov-
ery (Ozone x Time interaction, p = 0.009; EHC main effect,
p =0.041; three-way ANOVA, one tailed o. = 0.05; Fig. 6C).

Pollutant-Induced Changes in the Expression of
Glucocorticoid-Regulated Genes

To determine whether the increase in corticosterone was
accompanied by corresponding increases in known gluco-
corticoid-responsive genes, we examined the expression of
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glucocorticoid-inducible leucine zipper (GILZ), a marker and
mediator of glucocorticoid activity (Ayroldi and Riccardi,
2009), and serum- and glucocorticoid-inducible kinase (SGK).
Expression of both genes was increased in most organs imme-
diately after particle and ozone exposure, including a trend
toward increased expression at the lower level of exposure
(e.g., 5mg/m* EHC or 0.4 ppm ozone; Fig. 7).

Activation of Distinct Signaling Pathways in the Lungs and
Liver After Pollutant Inhalation

The promoter of the MT-2 gene possesses functional anti-
oxidant response, metal response, and glucocorticoid response
elements and is upregulated under conditions of oxidative
stress, the presence of metals, and glucocorticoid stimulation
(Ghoshal et al., 1998). It is, therefore, responsive to at least
three biological pathways through which ozone and particulate
matter may exert effects. To distinguish among effects of oxida-
tive stress, metal response, and glucocorticoid action, we exam-
ined the relative transcript levels of GILZ, selected to represent
glucocorticoid action (Ayroldi and Riccardi, 2009), and MT-2
in each sample. If glucocorticoids were driving MT-2 expres-
sion, levels of the two genes would be expected to covary across
samples. After inhalation of 0.8 ppm ozone, MT-2 mRNA lev-
els increased dramatically in the lungs without any significant
change in the levels of GILZ mRNA (Fig. 8), suggesting that
glucocorticoids are not responsible for this effect. In contrast,
in the liver of these ozone-exposed animals, GILZ and MT-2
mRNA levels covaried, consistent with glucocorticoid regula-
tion of both genes in this organ.

DISCUSSION

The HPA axis is a major part of the neuroendocrine system
that controls homeostasis and primes the body for response
to stress. Activation of the HPA axis leads to glucocorticoid-
induced changes in a large number of genes involved in a
variety of processes, including glucose metabolism, immune
response, adipocyte differentiation, and hormone control (de
Kloet, 2004; Wang, 2005). The increase of plasma ACTH and
corticosterone, coupled with the significant systemic impacts of
both pollutants on glucocorticoid-responsive genes, is consist-
ent with activation of the HPA axis and subsequent effects on
stress, immune, and metabolic functions (Ghoshal et al., 1998;
O’Connor et al., 2000). Anti-inflammatory actions of gluco-
corticoids are mediated at least in part by GILZ (Ayroldi and
Riccardi, 2009), which was increased across organs in response
to both ozone and particulate matter. SGK, another classical
glucocorticoid-inducible gene increased in this study primar-
ily in the kidney, heart, and brain, is implicated in a host of
(patho)physiological processes, including metabolism, kidney
function, gastrointestinal function, and control of blood pres-
sure (Lang et al., 2006). Metabolic disturbance may explain the
systemic increase in HIF-3a following pollutant inhalation, as


http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kft137/-/DC1

176 THOMSON ET AL.
4 = 0.25
| ]
A 1 24h B
o — | 2
N . : S 0.20
< : | -
pd
Y I 0.15 A T
[ b =
)] O
N <
) ®© ]
& g 0.10 [
h ki [
Cjp— . 4. o
0.05 1
0 , ! , . 0.00 ' : : .
EHC (mg/m3) 0 50 0 50 0 50 0 50
Ozone (ppm) 0 0 0.8 0.8 0 0 0.8 0.8
Cc O h
g 14 3 24h
a
D 12 1
o c
S
© 10 . b
x
o 81 a b
C
x
9
B gl N N B
o 4
5
O ?]
0 | . . .
EHC (mg/m3) 0 50 0 50
Ozone (ppm) 0 0 0.8 0.8

FIG. 6. Activation of the hypothalamic-pituitary-adrenal axis. Letters over bars indicate statistical significance (Holm-Sidak, p < 0.05). (A) Pituitary prosta-
glandin endoperoxide synthase 2 (PTGS2) mRNA (n = 4-6 per group). Relative mRNA expression was assessed by real-time PCR in rats exposed to the indicated
pollutant exposures. Results are presented as the geometric mean + geometric standard deviation. Ozone x Time interation, p < 0.001. 0 versus 0.8 ppm within Oh;
°0 versus 24 h within 0 ppm ozone; <0 versus 24 h within 0.8 ppm ozone. (B) Plasma ACTH levels (n = 4-6 per group). Plasma ACTH was assessed by integrating
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in addition to its responsiveness to hypoxia HIF-3a is sensitive
to glucose and insulin (Heidbreder et al., 2007).
Notwithstanding the effects observed across organs con-
sistent with glucocorticoid action, comparison of expression
profiles revealed interorgan differences in the expression of
genes involved in antioxidant response, xenobiotic metabo-
lism, inflammatory signalling, and endothelial dysfunction,
implying differential sensitivity or differential distribution of
pollutants and mediators of effects. The pulmonary response
to particles included increased expression of the nuclear factor

erythroid 2-related factor 2-regulated genes NQO1 and heme
oxygenase-1 mRNA and the aryl hydrocarbon receptor—regu-
lated gene CYP1A1, consistent with activation of cytoprotec-
tive mechanisms in response to oxidative stress and xenobiotics
(Xiao et al., 2003). The urban particles EHC-93 contain poly-
cyclic aromatic hydrocarbons and transition metals and have
been shown to activate xenobiotic response element, CYP1AI,
MT-2, glutathione transferase, and heat shock response reporter
genes in vitro (Vincent et al., 1997b). MT-2 and IL-6 play a
critical protective role in the lungs following ozone inhalation
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FIG. 7. Regulation of glucocorticoid-responsive genes by inhaled pollutants. (A) GILZ and (B) SGK mRNA levels were measured in organs immediately
after exposure to ozone and particulate matter (EHC-93). To facilitate comparison of effects across multiple organs for a given treatment, only effects of exposure
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entire data set that includes coexposure to both ozone and particulate matter. Complete statistical analyses are presented in Supplementary table 2.

(Inoue et al., 2008; McKinney et al., 1998), and the pronounced
response of these genes to ozone but not particulate matter is
in line with the acute lung injury and oxidative stress produced
by ozone compared with the lack of acute structural damage to
the lungs following particle inhalation (Vincent et al., 1997a).
Ozone increased CYP1A1 mRNA in the heart, an effect gen-
erally considered cardiotoxic although the actual function of
CYP1AL in either a harmful or protective capacity is not well
understood (Korashy and El-Kadi, 2006). Impacts of ozone
inhalation on the liver have been noted previously, including
exacerbation of acetaminophen-induced toxicity that corre-
lated with reduced expression of inflammation and xenobiotic
metabolism pathway genes (Aibo et al., 2010), but the factor(s)
responsible for these effects are not known. Given the recent
report that pretreatment with glucocorticoid receptor inhibi-
tors protects mice from acetaminophen-induced liver injury
(Masson et al., 2010), it is possible that ozone-induced corti-
costerone is at least partly responsible for the acetaminophen-
ozone interactions observed in previous studies. We observed a
trend toward increased metallothionein expression in the liver
24 h after exposure to particles, consistent with circulation of

particles (Furuyama et al., 2009) or soluble metals (Wallenborn
et al., 2007), but it is unclear whether this was a direct effect.
The observation of ozone-induced increases in ET-1 mRNA
levels in the heart, kidney, and spleen builds upon our previous
findings of increased circulating levels of endothelin-1 follow-
ing exposure to particulate matter and ozone (Bouthillier ez al.,
1998; Thomson et al., 2005). Although the pattern of endothe-
lin expression did not strictly track the expression of known
glucocorticoid-responsive genes, it is possible that these effects
are due, at least in part, to increased corticosterone (Spieker
et al., 2002). Future studies employing glucocorticoid pathway
inhibitors should clarify the extent to which glucocorticoids are
implicated in these effects.

Effects on the HPA axis and on release or metabolism of glu-
cocorticoids have been reported for a variety of environmental
exposures, including polybrominated diphenyl ethers, poly-
chlorinated biphenyls, polycyclic aromatic hydrocarbons, and
heavy metals (Odermatt and Gumy, 2008), but there has been
little study of the involvement of this system in mediating health
effects of ambient air pollutants. Exposure for 8 h to 500 pg/m?
concentrated fine particles increased corticosterone levels in


http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kft137/-/DC1

178 THOMSON ET AL.
14 T I
12 : : = GILZ
g 10 : : MT-2
U)% 8 | Y N I
cC <
) 6 A N e N | I —
= 5 1 1
~z ¢ : i
o 2 —
£ S e ——— "~
1
o 9 I
o 1
» 5 4 1
1
25 31 1
dz 27
<] 14
L
0 LI 11!!\\\\\111\\\!!\11\!1\\ WfVWTV!WWWW T Trrri
T T 17T T T T T 1T T"71
EHC (mg/m%) o 5 50 0 5 5 0 5 50 0 50 0 50
Ozone (ppm) O 0 0 04 04 04 08 08 08 0 0O 08 08
Oh 24 h

FIG.8. Distinct signalling pathways induced by pollutant exposure in the lungs and liver. Relative mRNA levels of GILZ and metallothionein (MT)-2 mRNA
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ovalbumin-sensitized Brown Norway rats and saline controls
and produced higher levels of the neurotransmitter norepineph-
rine in the paraventricular nucleus of the hypothalamus and the
olfactory bulb (Sirivelu et al., 2006). Prolonged exposure to
ozone (6h/day for 15 days) resulted in behavioral changes and
increased corticosterone levels consistent with a stress response
(Martrette et al., 2011). The mechanism by which pollutants
activate the HPA axis is unknown. Prostaglandins play a key role
in stimulating the HPA axis, and our expression data, showing
increased expression of prostaglandin endoperoxide synthase 2
mRNA in the pituitary but not in other organs immediately after
exposure, suggest that local production of prostaglandins in the
pituitary (Bugajski et al., 2004; Reimsnider and Wood, 2004)
may be involved. Transit of particles or their soluble elements
from the lungs to other organs, including the brain, has been
described (Oberdorster et al., 2004); ozone, on the other hand,
is entirely consumed in the lungs, suggesting that actions are
through intermediary signals rather than direct effects. Short-
term exposure to ozone can activate stress-responsive regions
of the brain consistent with a reflexive response to systemic
stress (Gackiere et al., 2011). Both ozone and particulate mat-
ter can initiate Toll-like receptor and oxidative stress—mediated
innate responses characterized by activation of the transcrip-
tion factors NF-kB and activator protein-1 in the lungs (Connor
et al.,2012; Miyata and Van Eeden, 2011), resulting in produc-
tion of cytokines that can activate the HPA axis (Beishuizen
and Thijs, 2003). Rather than being broadly immunosuppres-
sive, glucocorticoids are now known to selectively repress Thl
cytokines and stimulate Th2 cytokines (Elenkov, 2004). This
may explain the increased expression of JMJD3, which was
recently shown to be involved in acquisition of the primarily
Th2-driven M2 alternatively activated macrophage phenotype

(Ishii et al., 2009) across organs despite a decrease of all other
inflammatory mediators measured.

It is unclear whether the HPA axis activation is specific to
ozone and particulate matter or rather represents a more generic
stress response to inhalation of foreign material. Rodents
exposed to ozone or particulate matter exhibit a number of sim-
ilar responses, including decreases in markers of cardiac and
thermoregulatory function as part of a hypothermic response,
and it is speculated that such effects may arise from stimula-
tion of pulmonary irritant receptors, resulting in parasympa-
thetic nervous system activation (Watkinson et al., 2001). As
in humans, responsiveness to stress differs across rat strains,
with Fischer rats characterized as high responders (O’Connor
et al., 2000). The nose-only inhalation model used in this study
involves restraint of animals in nose-only tubes during the
4-h exposure, and despite training to tolerate immobilization,
restraint has been shown to activate stress pathways in mice
(Thomson et al., 2009a). As control animals were exposed
to air by nose-only exposure, any stress associated with the
method of exposure should be equivalent for all animals, and
observed effects of the pollutants on the HPA axis are presuma-
bly additive to the stress of nose-only exposure (Ghoshal et al.,
1998). Stress can modify responses to exogenous agents, and
Stress x Pollutant interactions are an active area of research
(Chen et al., 2008; Clougherty et al., 2007; Cooney, 2011).
Several systems potentially impacted by air pollution, includ-
ing the gastrointestinal (Kaplan et al., 2009) and reproductive
(Bell et al., 2007) systems, were not evaluated, and analysis of
effects in specific regions within the brain and other organs was
beyond the scope of this study. The extent of extrapulmonary
effects of particulate matter and ozone may therefore be greater
than demonstrated here.
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Acute activation of the HPA axis is generally characterized
as an adaptive mechanism aimed at regaining homeostasis.
Results from this study, in which healthy rats were exposed to
a single acute exposure to ozone and particulate matter, indi-
cate that HPA axis activation and glucocorticoid release were
transient. It remains to be determined whether acute exposure
of susceptible individuals or long-term exposure to ambient
air pollution in general can increase the probability of HPA
axis dysregulation. Although feedback inhibition generally
protects the body from negative impacts of prolonged HPA
axis activation, repeated or chronic exposure to stressors or
dysregulation of feedback mechanisms can result in a variety
of adverse effects. These can present as cognitive, emotional,
and behavioral symptoms such as memory impairment, vul-
nerability to anxiety and depression, irritability, alteration of
social behavior, and altered appetite and physical symptoms
such as immune deficits, asthma, increased blood pressure,
increased risk of cardiovascular and cerebrovascular disease,
neurological disorders, metabolic syndrome, and accelerated
aging (Anagnostis et al., 2009; Pompili et al., 2010). Repeated
administration of corticosterone produces behavioral and
neurobiological changes in rats consistent with depression in
humans (Sterner and Kalynchuk, 2010), as does disruption of
GR signalling in the brain resulting in HPA axis hyperactivity
(Boyle et al., 2005), establishing a causal link between glu-
cocorticoid elevation and depression. There is increasing evi-
dence that exposure to environmental chemicals can impact
glucocorticoid-regulated processes and thereby contribute to
disease processes involving dysregulated metabolic processes,
altered immune function, cardiovascular disease, mood disor-
ders, impaired cognitive function, and cancer (Odermatt and
Gumy, 2008). Epidemiological studies indicate that physical
and social environments are modifiers of pollutant impacts on
health, with heightened responses to air pollutants found in
individuals exposed to higher stress environments (Chen et al.,
2008; Clougherty et al., 2007). It is noteworthy that in addi-
tion to the considerable literature establishing a link between
air pollution and cardiovascular and pulmonary diseases, recent
studies show associations between air pollution and adverse
neurobehavioral outcomes, including reduced cognitive abil-
ity (Chen and Schwartz, 2009; Power et al., 2011; Ranft et al.,
2009; Weuve et al., 2012), memory impairment (van Kempen
et al., 2012), increased irritability and aggression (Yolton
et al., 2008), depression (Szyszkowicz et al., 2009), and sui-
cide (Kim et al., 2010; Szyszkowicz et al., 2010). Supporting
these associations, mice exposed for 10 months to fine airborne
particulate matter show signs of cognitive impairment and
depression (Fonken et al., 2011), and both acute and chronic
exposure of rats to ozone results in neurobehavioral alterations
(Dorado-Martinez et al., 2001; Rivas-Arancibia et al., 1998,
2010). Given the known impacts of HPA axis dysfunction on a
cross-section of disease processes, notably depression, cardio-
vascular disease, and metabolic syndrome, the finding that both
gaseous and particulate pollutants modulate HPA axis activity
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warrants further investigation as a potential mechanism under-
lying health effects of air pollutants in susceptible individuals.
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