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Am J Physiol Lung Cell Mol Physiol 309: L1150-L1163, 2015. First
published September 4, 2015; doi:10.1152/ajplung.00018.2015.—Sex
differences in the incidence of respiratory diseases have been re-
ported. Women are more susceptible to inflammatory lung disease
induced by air pollution and show worse adverse pulmonary health
outcomes than men. However, the mechanisms underlying these
differences remain unknown. In the present study, we hypothesized
that sex differences in the expression of lung inflammatory mediators
affect sex-specific immune responses to environmental toxicants. We
focused on the effects of ground-level ozone, a major air pollutant, in
the expression and regulation of lung immunity genes. We exposed
adult male and female mice to 2 ppm of ozone or filtered air (control)
for 3 h. We compared mRNA levels of 84 inflammatory genes in
lungs harvested 4 h postexposure using a PCR array. We also
evaluated changes in lung histology and bronchoalveolar lavage fluid
cell counts and protein content at 24 and 72 h postexposure. Our
results revealed sex differences in lung inflammation triggered by
ozone exposure and in the expression of genes involved in acute phase
and inflammatory responses. Major sex differences were found in the
expression of neutrophil-attracting chemokines (Ccl20, Cxcl5, and
Cxcl2), the proinflammatory cytokine interleukin-6, and oxidative
stress-related enzymes (Ptgs2, Nos2). In addition, the phosphorylation
of STAT3, known to mediate IL-6-related immune responses, was
significantly higher in ozone-exposed mice. Together, our observa-
tions suggest that a differential regulation of the lung immune re-
sponse could be implicated in the observed increased susceptibility to
adverse health effects from ozone observed in women vs. men.

inflammation; oxidative stress; lung disease; STAT3; macrophage
inflammatory proteins

GROUND-LEVEL OZONE, a photochemical air pollutant and pow-
erful oxidant, can trigger a variety of detrimental health effects,
including respiratory and cardiovascular complications (32,
44). Population studies have shown that short-term exposures
to ozone at concentrations within the Environmental Protection
Agency standards can affect breathing and lung function,
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impair pulmonary innate immunity, and damage the entire
respiratory epithelium (8, 38, 49, 62—-64). Exposure to ozone
causes complications in patients with respiratory infection,
asthma, chronic obstructive pulmonary disease, cystic fibrosis,
lung cancer, and cardiovascular disease, with worse effects and
higher mortality in women than in men (24, 55, 59, 65).
Furthermore, studies in animal models have demonstrated that
ozone increases airway neutrophil recruitment, contributing to
acute lung injury and hyperreactivity and promoting inflam-
matory lung disease (7, 15, 30, 37).

Epidemiological studies have shown correlations of high
ambient ozone levels with increased hospitalizations for respi-
ratory illnesses and mortality (11, 19, 32, 57). Ozone inhalation
can trigger asthma and cause exacerbations in susceptible
individuals (13, 49, 73). In this regard, clinical studies have
reported sex differences in lung function and in the risk,
incidence, and severity of environmental lung disease (13, 18,
21). These studies have shown that women are more suscep-
tible and suffer worse complications of lung disease than men
(5, 47, 66). Emerging data have indicated that circulating
hormone levels may regulate innate immune responses and
affect airway tone and inflammation during the menstrual cycle
in female asthmatic patients, but the specific roles of hormones
and the mechanisms involved are complex and not completely
understood (20, 46, 53, 56, 60, 72). In a previous study, we
have demonstrated that exposure to ozone significantly de-
creased survival of male and female mice after bacterial infec-
tion (53). Infected females exposed to ozone also showed more
pronounced lung inflammation, lower macrophage function,
and higher mortality rates than males (52). Additional work
demonstrated that sex steroid hormones were responsible for
the observed sex differences, indicating that both sex and air
pollution may alter the effectiveness of lung host defense (20).

Alveolar macrophages and lung epithelial cells constitute the
first line of defense against inhaled toxic compounds and have
been suggested to initiate a cascade of inflammatory reactions
upon ozone exposure. These inflammatory responses have
been suggested as central processes in ozone-induced health
effects (3, 16). The specific mechanisms of ozone toxicity
appear to be related to oxidation of cell membranes and
surfactant in the lung epithelium, resulting in lipid peroxida-
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tion, and the production of reactive oxygen species (17). The
resulting oxidation products can prime resident alveolar mac-
rophages, inducing the production of proinflammatory cyto-
kines and chemokines that promote the recruitment of neutro-
phils into the lung. An excessive inflammatory response can
impair the pulmonary host defense by damaging the lung
epithelium, by decreasing the function of innate immunity
molecules, and by reducing the phagocytic ability of resident
macrophages (3, 43, 51). However, the molecular pathways
that determine changes in gene expression after ozone expo-
sure and the mechanisms behind sex differences in suscepti-
bility and severity of pulmonary disease are still largely un-
known. In this work, we investigated sex differences in the
lung innate immune response, by using PCR arrays to compare
the expression of inflammatory genes in the lungs of male and
female mice exposed to ozone. We found sex differences in
lung gene expression of cytokines, chemokines, and oxidative
stress-related enzymes in filtered air-exposed animals and in
response to acute ozone exposure. We also identified a poten-
tial regulatory mechanism that involves STAT3 phosphoryla-
tion. Together, our observations indicate that a differential
regulation of the lung immune response could be implicated in
the observed increased susceptibility to adverse health effects
from ozone in women vs. men.

MATERIALS AND METHODS

Animals. Adult male and female C57BL/6J mice (8 wk of age)
were purchased from The Jackson Laboratory (stock number 000664,
Bar Harbor, ME), housed and maintained in a 12:12-h light-dark
cycle, with food and water available ad libitum. We chose this strain
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because susceptibility to ozone exposure has been shown to be strain
dependent. The C57BL/6 mouse has been extensively used for ozone-
induced inflammation/injury models, since this strain is highly sus-
ceptible to ozone vs. other strains (41, 42). The Pennsylvania State
University College of Medicine Institutional Animal Care and Use
Committee approved all procedures.

Exposure to ozone. Male and female mice were exposed to 2 ppm
of ozone or filtered air (control) for 3 h, in different chambers as
described previously (25, 53, 54). Animals were euthanized under
anesthesia 4 h postexposure, and lung tissue was collected for gene
expression analyses. For mRNA array analysis, six adult male and six
adult female mice were used per condition. For real-time PCR
replication studies and Western blot experiments, 10 animals were
used per group. The animal model used in this study involves a much
higher concentration of ozone than would normally be found in the
atmosphere [an environmental concentration of ozone above 0.3 ppm
is considered extremely high and has been shown to affect pulmonary
function in humans (50, 68)]. We chose this approach because
previous studies have shown that higher ozone doses are required for
rodents vs. humans to reach comparable amounts of ozone concen-
tration in the distal lung (26). In addition, rodents acutely exposed to
2 ppm of ozone display comparable or lower levels of various
bronchoalveolar lavage (BAL) parameters than exercising humans
with considerable lower acute ozone exposures (0.4 ppm, the equiv-
alent of an extremely high atmospheric concentration) (27).

Lung histology. A group of male and female mice (n = 4/group)
were exposed to 2 ppm of ozone or filtered air as described above. At
24 and 72 h following exposure, mice were euthanized under anes-
thesia, and lungs were infused through the trachea with 4% parafor-
maldehyde (PFA). Whole lung tissues were immersion fixed in PFA,
and the right and left lung lobes were bisected in a parasagittal plane
for sectioning. Tissues were processed in an automated Tissue-Tek
VIP processor (Sakura Finetek USA, Torrance, CA) and paraffin
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Fig. 1. Histological evaluation of male and
female lungs following acute ozone expo-
sure. A: Masson’s trichrome staining of lung
tissues obtained at 24 and 72 h postexposure
to filtered air (3 h) or ozone (2 ppm, 3 h). B,
left: quantification of lung inflammation by 3
independent  observers  expressed  as

filtered air

ﬁltered air

means * SE (n = 4; *P < 0.05). Scale: 0,
none; 1, mild emphysema and/or epithelium
thickening; 2, moderate emphysema and/or
epithelium thickening; 3, moderate to severe
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embedded by using a Tissue-Tek TEC embedding station. Sections
were cut at 6 wm for routine hematoxylin and eosin and Masson’s
trichrome staining. Images were captured with an Olympus BXS51
microscope (Olympus America, Center Valley, PA) and DP71 digital
camera using the CellSens Standard 1.12 imaging software. All
tissues were examined by an American College of Veterinary Pathol-
ogists diplomate and two additional investigators blinded to treat-
ments. Percentages of the areas affected were visually estimated, and
the lung sections affected by inflammation and/or fibrosis were
semiquantitatively scored by use of modified protocols (6, 48).

BAL analysis. The lungs of a separate group of male and female
mice exposed to ozone or filtered air (n = 6/group) were lavaged with
2.5 ml of PBS (GIBCO, catalog no. 14190-144) supplemented with 1
mM EDTA at 24 and 72 h postexposure, under standard protocols (4).
The volume of recovered BAL was recorded, and the total number of
cells in BAL was estimated by use of a hematocytometer. Cytospins
were prepared for ~50,000 cells per slide by using a cytocentrifuge.
The cytospun cells were air dried, stained with a Hema-3 stain kit
(Fisher Scientific, Pittsburgh, PA) and coverslipped. Slides were
analyzed under light microscopy for the presence of macrophages,
neutrophils, and lymphocytes, by three independent investigators who
were blind to the treatments.

Albumin determination in BAL. The remainder BAL fluid was
centrifuged at 150 g for 5 min at 4°C, and supernatants were
immediately frozen at —80°C. Total BAL protein determinations
were performed by the BCA assay (Thermo, Rockford, IL). BAL
samples (0.5 ml) were lyophilized and resuspended in 66 wl of water.
Two microliters of BAL solution were loaded onto 4—15% polyacryl-
amide gels and analyzed by SDS-PAGE. Gels were transferred onto
nitrocellulose membranes that were blocked overnight with 5% BSA
solution. Membranes were incubated for 2 h at room temperature with
a rat anti-albumin antibody (Cappel, MP Biomedicals, Santa Ana,
CA), diluted 1:25,000 in PBS containing 0.1% Tween and 1% BSA,
and for 1 h with a horseradish peroxidase-conjugated goat anti-rabbit
secondary antibody (Bio-Rad, Hercules, CA), diluted 1:25,000 in PBS
containing 0.1% Tween and 1% BSA. Bands were detected with
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enhanced chemiluminescence substrate (PerkinElmer, Waltham, MA)
according to the manufacturer’s instructions.

RNA purification. Lung tissue was pulverized and homogenized in
TRIzol (Life Technologies, Carlsbad, CA). RNA was extracted with
the Direct-zol RNA MiniPrep (Zymo Research, Irvine, CA) and
quantified by Nanodrop. RNA quality was verified with a Bioanalyzer
2100 at the Penn State Hershey Genome Sciences Core Facility.

mRNA arrays. A total of 400 ng of purified RNA were retrotran-
scribed with the RT? First Strand Kit (Qiagen, Germantown, MD).
The expression of 84 genes related to inflammatory immune responses
was evaluated with the Mouse Inflammatory Response and Autoim-
munity PCR Array (Qiagen). A list of the array genes can be acces-
sed at http://www.sabiosciences.com/genetable.php?pcatn=PAMM-
077A. PCR Arrays were amplified with the ABI QuantStudio 12K
Flex system (Life Technologies) at the Penn State Hershey Genome
Sciences Core Facility. Results were analyzed online with the Gene-
Globe Data Analysis Center (http://www.qiagen.com/us/products/
genes%20and%20pathways/data-analysis-center-overview-page/) and
normalized to a set of five endogenous controls (B-actin, 32-micro-
globulin, GAPDH, B-glucuronidase, and Hsp90) included in the
commercial array, by the arithmetic mean method. Each array plate
also contained three negative reverse transcription controls, a mouse
genomic DNA contamination control, and three positive PCR controls
for interassay comparisons. Heat maps were generated with the
web-based program of RT? profiler PCR Array Data Analysis (Qia-
gen), by using gene expression data calculated with the 272ACT
method (45). Fold changes were calculated as the normalized gene
expression 2~ 22€T in the experimental group sample, divided by the
normalized gene expression 272ACT in the control group sample
(males exposed to filtered air). Fold changes were used to express data
as fold regulation vs. control, where fold regulation values greater
than 1 indicate positive or upregulation and values of less than 1
indicate negative or downregulation. We arbitrarily selected a 1.5-fold
regulation cutoff for our analyses. The P values were calculated based
on a Student’s #-test of the replicate 2722 values for each gene in
the control group and treatment groups.
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Real-time PCR. For individual gene expression assays, total RNA
was treated with the Ambion DNA-free kit (Life Technologies), and
600 ng of DNA-free RNA were retrotranscribed by use of the High
Capacity cDNA reverse transcription kit (Life Technologies). The
expression levels of Ccl20/MIP3a (assay no. MmO01268754), 1i6/
interleukin-6 (assay no. Mm00446190), CxcI2/MIP-2« (assay no.
Mm00436450), Ccl2/MCP-1 (assay no. Mm00441242), Ccl3/MIP1a
(assay no. Mm00441259), Ccl5/RANTES (assay no. Mm01302427),
1l1alinterleukin-1a (assay no. Mm00439620), 111 b/interleukin-1f3 (as-
say no. Mm00434228), Tnf (assay no. Mm00443260), TIr4 (assay no.
MmO00445273), Il1rl (assay no. MmO00434237), Stat3 (assay no.
MmO01219775), and Cebpb-CCAAT/enhancer-binding protein-f3 (as-
say no. Mm00843434) were measured with real-time PCR with
TagMan assays (Life Technologies) and normalized to 18s rRNA
expression (Rnl8s, mouse 185 rRNA TagMan Assay, no.
Mm03928990) by the relative quantification method (45). Assays
were amplified at the Penn State Hershey Genome Sciences Core
Facility. Results were analyzed with the QuantStudio 12K Flex
Software (Applied Biosystems), by the 2~ 22€T method (45).

Protein extraction and Western blot. RIPA buffer (Thermo) was
used to extract protein from pulverized lung tissues, following the
manufacturer’s protocol. Protein concentration was determined by
BCA assay (Thermo), and 20 g were used for Western blot analysis
with the following antibodies: STAT3 (AB68153), pSTAT3-Y705
(AB76315), pSTAT3-S727 (AB86430), and GAPDH (AB9485) as a
loading control. All antibodies were purchased from Abcam (Cam-
bridge, MA). For densitometric quantitation of Western blots, images
were digitized by use of Bio-Rad GS800 calibrated densitometer. The
relative band intensities of the Western blot results were quantified by
densitometry using Bio-Rad Quantity One analysis software. Results
were analyzed with GraphPad Prism 6 software.

Ingenuity Pathway Analysis. Functional analyses of differentially
expressed genes among experimental groups were performed with
Ingenuity Pathway Analysis (IPA, Qiagen Redwood City, www.q-
iagen.com/ingenuity). This online software analyzes gene expression
data in the context of known biological response and regulatory
networks. We performed IPA functional analyses in genes that met the
cutoff (1.5-fold up- or downregulation vs. control group) and evalu-
ated associations with biological functions via the Ingenuity Pathways
Knowledge Base. First, we compared the top canonical pathways
associated with gene expression changes. For this analysis, the IPA
software uses a right-tailed Fisher’s exact test to obtain a P value that
determines the probability of association of the dataset to each
canonical pathway or function vs. random chance. Next, we obtained
the most significant molecular and cellular function classifications
associated with each dataset, along with the respective number of
molecules and corresponding range of P values. Finally, an additional
functional network analysis was performed for the top associated
network functions identified by IPA. In these, genes are represented as
nodes, and the biological relationships between nodes are represented
by lines. All connections are supported by at least one published
reference or from canonical information stored in the Ingenuity
Pathways Knowledge Base. For these analyses, the software uses a
Fisher’s exact test to calculate a P value determining the probability

Fig. 3. Inflammatory gene expression in males and females exposed to ozone
vs. filtered air. Cluster analysis of 72 inflammatory genes in lung extracts from
male and female mice exposed to 2 ppm of ozone or filtered air for 3 h (n =
S/group). Total RNA was extracted and retrotranscribed prior to amplification
with the Mouse Inflammatory Response and Autoimmunity PCR Array. A
complete list of genes names and accession numbers can be found at:
http://www.sabiosciences.com/genetable.php?pcatn=PAMM-077A. Each col-
umn represents an individual mouse. Mice from the same group clustered
together for expression patterns. Bar at bottom indicates magnitude of gene
expression. M, male; F, female; FA, filtered air; O3, ozone; min, minimum;
avg, average; max, maximum.
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Table 1. Relative gene expression in females vs. males

exposed to filtered air
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Table 2. Relative gene expression in males exposed to ozone

vs. filtered air

Gene Symbol Fold Regulation P Value Gene Symbol Fold Regulation P Value
Cxcl2 3.77 0.038 Ccl20 77.68 2.2E-04
Myd88 2.63 5.3E-05 Cxcl5 52.82 0.002
C4b 1.73 0.023 116 14.32 9.9E-04
Ccll9 1.68 0.029 Cxcll 9.64 0.001
Ilrl —-1.19 0.045 Cxcl2 8.94 3.8E-04
Cxcr2 —1.49 0.013 Ccll1 4.28 6.0E-06
Ptgs2 —1.50 0.005 Ccll7 4.17 9.0E-06
Cd40 —1.50 0.004 Ptgs2 343 4.7E-05
C3arl —1.55 0.015 Cd14 2.62 0.002
Ccl25 —1.62 0.024 Ccll9 2.58 6.9E-04
Ripk2 —-1.72 0.034 Cxcl3 2.53 0.002
Cxcrd —1.73 0.006 Ccl22 1.88 2.2E-04
Cd14 —1.80 0.014 TIr5 —1.57 0.014
Tl1rap —1.81 0.030 Ccl25 —1.76 0.032
Nfkbl —1.82 3.1E-05 Cxcr4 —1.78 0.019
Illa —2.09 0.021 Csfl —1.83 0.009
Cclll —-2.19 0.042 Cd40 —-1.90 4.2E-04
Ly96 —2.23 0.012 Cer4 —2.06 0.025
Cer2 —2.35 0.005 TIr9 —2.07 0.010
1123a —2.81 0.044 Cd40lg —2.18 0.005
TIr6 —2.84 0.042 Ccl4 —2.85 0.029
Ccll2 —2.95 0.027 Lta —2.97 0.007
Cxcl5 —3.00 0.048 Ifng —3.10 0.019
Tirl —3.22 0.019 Cer2 —=3.12 0.004
Cer3 —3.39 0.031 Ltb —3.44 0.002
TIr3 —3.65 0.014 Nos2 —17.00 5.0E-06

that each network associated to the dataset was due to random chance
alone, and it assigns a score to the pathway (a score higher than 2 has
at least a 99% confidence of not being generated by random chance).

Statistical analysis. Array data was analyzed with the ma-
nufacturer’s online tool (http://www.qiagen.com/us/products/
genes%20and%?20pathways/data-analysis-center-overview-page/),
and Student’s z-test analyses were obtained for each group com-
parison. Real-time PCR data are presented as means * SE.
Statistical analyses for lung scoring, BAL cell counts, BAL protein
determinations, real-time PCR, and Western blot experiments were
performed with the GraphPad Prism 6 software. Differences
among treatment groups were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis for lung scoring, BAL
protein, and gene expression experiments, and Kruskal-Wallis
one-way analysis of variance with Dunn’s post hoc test for cell
counts and Western blot experiments. Values of P < 0.05 were
considered to be statistically significant.

RESULTS

Sex differences in ozone-induced lung inflammation. Mor-
phological assessment of lung injury was performed by histo-
logical evaluation at 24 and 72 h following exposure to ozone
(2 ppm, 3 h) or filtered air (3 h) (Fig. 1A4). This analysis
revealed lung lesions and mild increased inflammation in
response to ozone, as indicated by epithelial thickening, type II
pneumocyte hyperplasia, and moderate emphysema. Quantifi-
cation of these changes indicated significant differences be-
tween animals exposed to ozone vs. filtered air at both 24 and
72 h following exposure (Fig. 1B). When lung inflammation
scores were compared between male and female mice, signif-
icant differences were found at 72 h following ozone exposure,
with females displaying higher scores than males (Fig. 1B,
left). We also identified expansion of septal interstitia by
fibroblasts in a scant collagenous matrix (nascent fibroplasia)
in ~50% of respiratory bronchioles, alveolar ducts, and adja-

cent alveoli of animals exposed to ozone. We performed a
Masson’s trichrome stain followed by a modified Ashcroft
scale analysis to quantify lung fibrosis in response to ozone
(Fig. 1B, right). Using the modified scores for mild fibroplasia,
we found significant differences in lungs harvested 72 h after
ozone exposure vs. filtered air, although no sex differences
were identified.

Sex differences in lung vascular permeability and PMN
content in response to ozone exposure. Lung injury in response
to ozone was evaluated by albumin leakage into the alveolar

Table 3. Relative gene expression in females exposed to

ozone vs. filtered air

Gene Symbol Fold Regulation P Value
Ccl20 395.30 1.2E-05
116 48.09 5.3E-05
Cxcl5 32.53 9.0E-06
Cxcl2 16.40 0.008
Ceclll 7.26 0.009
Ptgs2 3.82 0.009
Cxcll0 3.73 0.014
Ccll9 2.82 9.0E-04
Cd14 2.73 0.005
Fos 2.61 0.004
Ccll7 2.33 0.016
I1rl 1.47 0.043
Cd40lg —1.69 0.022
Csfl —1.70 0.002
Tir2 —1.75 0.002
Cd40 —1.84 0.033
TIr9 —241 1.9E-02
1118 —2.51 8.9E-03
Ccl25 —2.63 0.005
Ltb —2.82 1.4E-04
Cer2 —2.94 0.027
Nos2 —3.48 1.1E-04
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compartment. Figure 2A shows total protein content and BAL
albumin content at 24 and 72 h postexposure to ozone or
filtered air. We found significantly higher BAL albumin levels
in females than in males at 72 h postexposure to ozone. In
addition, females displayed significantly higher total cell
counts and polymorphonuclear neutrophil (PMN) number than
males only at 24 h following ozone exposure (Fig. 2B). An
increase in alveolar macrophage counts, as well as the presence
of binucleated macrophages in BAL, was also noted in re-
sponse to ozone in females at 24 and 72 h postexposure and in
males at 72 h postexposure (data not shown).

Differential inflammatory gene expression patterns in male
and female mice exposed to ozone or filtered air. We used a
PCR array to evaluate the mRNA expression of 84 immune-
related genes in the lungs of male and female mice exposed to
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2 ppm of ozone or filtered air for 3 h. The array detected
expression of 72 genes in all samples. The expression levels of
the remaining 12 genes (C3, Cxclll, Crp, 1110, 1110rb, 119,
1122, 1l17a, Itgb2, Kngl, Nr3cl, and Tollip) were outside of the
detection range in all experimental groups; therefore these
were excluded from the analysis. The mRNA expression of the
72 detected genes was compared among groups with the
Qiagen online tool, as described in MATERIALS AND METHODS.
Cluster analysis revealed specific gene expression patterns for
each experimental group, with particular groups of genes up-
or downregulated in animals exposed to filtered air or in
response to ozone in both sexes (Fig. 3).

Sex differences in lung gene expression of mice exposed to
filtered air. Table 1 shows the relative expression levels of
significant inflammatory genes in the lungs of female mice vs.
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Fig. 4. Relative mRNA expression of select set of genes analyzed via real-time PCR. Expression levels of selected cytokines (116, Il1a, I11b, Tnf) and chemokines
(Ccl20, Cxcl2, Ccl2, Ccl3, Ccl5) in lung extracts of male and female mice exposed to ozone (Os) or filtered air (FA). Ozone-treated females expressed
significantly higher levels of Cci20, 116, Cxcl2, and Ccl3 than ozone-treated males (a, significant difference vs. male FA group; b, significant difference vs. female
FA group; c, significant difference vs. male O3 group). Results are expressed as means * SE. Significant differences were analyzed by ANOVA (P < 0.05,

n = 10/group).
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male mice exposed to filtered air. We used a cutoff of 1.5 for
differences in fold regulation. We found that the expression of
4 genes (Cxcl2, MydS88, C4b, and Ccll9) was significantly
upregulated, and the expression of 20 additional genes (77r3,
Ccer3, Tirl, Cxcl5, Ccll2, Tir6, 1123a, Ccr2, Ly96, Cclll, Il1a,
Nfkbl, Ilirap, Cdl4, Cxcr4, Ripk2, Ccl25, C3arl, Cd40, and
Ptgs2) was significantly downregulated in females vs. males
(Table 1).

Differential effects of ozone in gene expression of male and
female lungs. We next evaluated the effects of ozone exposure
vs. filtered air in lung inflammatory gene expression in male
(Table 2) and female mice (Table 3). We found that 12 genes
were significantly overexpressed at least 1.5-fold in males
exposed to ozone vs. males exposed to filtered air (Ccl20,
Cxcl5, 116, Cxcll, Cxcl2, Cclll, Ccll7, Ptgs2, Cdi4, Ccll9,
Cxcl3, and Ccl22). In females, we found that 11 genes (Cc/20,
116, Cxcl5, Cxcl2, Cclll, Ptgs2, Cxcll0, Ccll9, Cdi4, Fos, and
Ccll7) were significantly upregulated in response to ozone vs.
filtered air. In males exposed to ozone, 14 genes (Nos2, Ltb,
Ccer2, Ifng, Lta, Ccl4, Cd40lg, TIr9, Ccr4, Cd40, Csfl, Cxcr4,
Ccl25, and Tir5) were significantly downregulated (Table 2),
and in females exposed to ozone, only 10 genes were signifi-
cantly downregulated (Nos2, Ccr2, Ltb, Ccl25, 1118, TIr9,
Cd40, Tir2, Csfl, and Cd40lg) (Table 3).

Differences in gene expression levels in males and females
exposed to ozone. The genes that were up- and downregulated
in response to ozone were similar in males and females.
However, of the genes overexpressed in response to ozone,
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female mice exhibited higher expression levels of Ccl20, 116,
Cxcl2, Cxcll0, and Fos compared with males. Meanwhile, of
the genes underexpressed in response to ozone, male mice
exhibited significantly lower expression of Nos2, Lta, and Ifng
compared with females (Tables 2 and 3).

Proinflammatory cytokine and chemokine expression mea-
sured by real-time PCR. Because most of the genes affected by
ozone exposure in males and females belonged to the family of
proinflammatory cytokines (Fig. 3), and to validate gene ex-
pression data by an independent method, a selected set of genes
was additionally evaluated by real-time RT-PCR in a larger
sample size (n = 10/experimental group). As shown in Fig. 4,
differential gene expression analysis by real-time RT-PCR of
Ccl20, 116, Cxcl2, Ccl2, Ccl3, Ccl5, 1l1a, 111b, and Tnf in lungs
of male and female mice largely matched the data obtained by
PCR arrays, albeit at a much higher sensitivity level, showing
significant differences in ozone exposed females vs. males for
Ccl20 (MIP-3w), 116 (IL-6), Cxcl2 (MIP-2a), Ccl2 (MCP-1),
and Ccl3 (MIP-1a). This suggests that the mRNA array tech-
nique, although accurately detecting trends in altered gene
expression profiles, may not be suitable to accurately quantify
gene expression levels. Moreover, the use of real-time PCR
TagMan assays also allowed for the detection of significant
differences among groups that were not evident in the arrays.
For example, significant differences were found for 11/ ex-
pression, with females showing higher levels in response to
ozone vs. females exposed to filtered air, and in females
exposed to ozone vs. males exposed to ozone (Fig. 4).
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Pattern recognition receptor and transcription factor ex-
pression in response to ozone. We next evaluated whether
ozone affected the expression of the ///r] and Tlr4 receptors,
known to mediate immune responses associated with Il/a, I11b,
and 7I6 (34, 71). Figure 5 shows that the lungs of females
exposed to ozone expressed significantly higher levels of 111r]
than females exposed to filtered air; however, no differences
were found for 7Ir4 between these groups. In addition, the
expression of the transcription factors Stat3 and Cebpb, also
related to acute inflammatory responses, was significantly
higher in females exposed to ozone vs. females exposed to
filtered air, but not in males exposed to ozone compared with
males exposed to filtered air (Fig. 5).

Phosphorylation of STAT3 as a potential mechanism for
IL-6 induced inflammation. Finally, since inflammatory re-
sponses associated with IL-6 have been shown to involve
activation of STAT3 and related intracellular pathways (12, 23,
28), and, since females expressed higher levels of Stat3 mRNA
in response to ozone (Fig. 5), we next evaluated whether sex
differences existed in STAT3 protein expression and activation
in response to ozone. We chose two STAT3 phosphorylation
sites, serine 727 (S727), known to regulate STAT3 function
both positively and negatively, and tyrosine 705 (Y705),
known to mediate STAT3 dimerization, nuclear translocation,
and DNA binding (1). We found no differences in STAT3
protein expression and no statistically significant difference in
the phosphorylation at S727 measured by Western blot 4 h
postexposure, although a trend toward increased phosphor-
ylation was observed, but not statistically tested. However,
phosphorylation of STAT3 at Y705 was significantly higher
in animals exposed to ozone vs. filtered air in both sexes
(Fig. 6).

DISCUSSION

Innate immunity plays a critical role against infection and
oxidative damage from inhaled air pollutants. Exposure to
ozone results in a rapid influx of inflammatory cells into the
lower respiratory tract, promoting oxidative stress and airway
hyperreactivity, while increasing the risk of respiratory infec-
tion (3, 39). Although sex differences have been reported in the
susceptibility and severity of a number of environmental in-
flammatory lung diseases, the specific mechanisms underlying
these differences have not been clearly defined. In this work,
we used an acute ozone exposure model to evaluate sex
differences in the inflammatory response at the gene expression
level. First, we characterized the model by identifying sex
differences in lung histology and BAL measurements of lung
injury and inflammation. Next, we evaluated whether changes
in gene expression correlated with these changes. We found
sex differences in lung morphology, as well as BAL cell counts
and protein content in response to ozone, with females showing
increased damage vs. males. We also found that expression of
inflammatory mediators varies with sex under basal conditions
and following exposure to ozone, indicating a potential sexual
dimorphism in the mechanisms associated with the inflamma-
tory response to this air pollutant.

Numerous studies have reported significant differences in
lung function, innate immune responses to bacterial infection,
and lung disease pathogenesis in mice breathing clean air, with
males typically showing weaker immune responses than fe-
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Fig. 6. Ozone exposure induces STAT3 Y705 phosphorylation. A: Western
blot analyses of total STAT3, phosphorylated STAT3 at S727, and phosphor-
ylated STAT3 at Y705 in mouse whole lung homogenates. B: expression levels
were quantified by densitometric analysis and normalized to GAPDH. Results
are expressed relative to the filtered air-exposed control group levels. Signif-
icant differences between groups were determined by Kruskal-Wallis ANOVA
on ranks with Dunn’s post hoc test. *P < 0.05; **P < 0.01 vs. control (n =
6/group).

males (14, 69, 75). In our gene expression array data in lung
tissue obtained from mice exposed to filtered air, we found
differences in cytokine and chemokine expression between
males and females. Interestingly, the mRNA levels of inflam-
matory mediators in the lungs of females was significantly
lower for almost 30% of the genes analyzed (20/72). The major
gene families affected included Toll-like receptors (71r1, Tir3,
Tilr6), cytokines (/lla, I123a), chemokines (Cxcl5, Ccll2,
Cclll, Ccl25), cytokine and chemokine receptors (Ccr3, Ccr2,
Cxcr4, Illrap), as well as other immune mediators, enzymes,
receptors and transcription factors (C3arl, Cdi4, Cd40, Ripk2,
Ptgs2, Nfkb, Ly96). In contrast, the expression of only 5% of
the genes studied (4/72) was significantly higher in females vs.
males exposed to filtered air. These groups of genes are
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Table 4. Sex differences in mice exposed to filtered air

SEX DIFFERENCES IN OZONE-INDUCED LUNG INFLAMMATION

A. Sex differences in top canonical pathways in mice exposed to filtered air

Canonical Pathways P Value
LXR/RXR activation 8.44E-15
Toll-like receptor signaling 1.47E-14
TREMI signaling 1.64E-14
Granulocyte adhesion and diapedesis 2.75E-13

B. Top molecular and cellular functions in female vs. male mice exposed to filtered air

Molecular and Cellular Functions

P Value No. of Molecules

Cell-to-cell signaling and interaction 2.00E-05-4.92E-26 24
Cellular movement 2.00E-05-4.92E-26 21
Cellular function and maintenance 1.79E-05-7.90E-23 23
Cellular development 1.59E-05-8.51E-16 22
Cellular growth and proliferation 1.59E-05-8.51E-16 21
C. Top associated network functions in females vs. males exposed to filtered air

Associated Network Functions Score
Inflammatory response, lipid metabolism, small molecule biochemistry 33
Hematological system development and function, tissue morphology, inflammatory response 14
Cardiovascular system development and function, cellular movement, hematological system

development and function 8
Inflammatory response, cell signaling, protein synthesis 2

involved in macrophage activation (Cxcl2, Ccl19), Toll-like-
receptor activation (Myd88), and modulation of interleukin-6
responses (C4b). Further analysis performed with IPA revealed
four main canonical pathways affected in females vs. males
exposed to filtered air. These are related to immune cell
adhesion and movement, as well as pattern recognition recep-
tor functions (Table 4A). Furthermore, the top molecular func-
tions associated with differentially expressed genes in males
and females were also linked to cell movement and prolifera-
tion, which are crucial events in the lung inflammatory re-
sponse (Table 4B), and the top associated network functions
included inflammatory response, cell-to-cell signaling and in-

Fig. 7. Ingenuity Pathway Analysis for inflammatory gene
expression in females vs. males exposed to filtered air.
Diagram of biological networks of selected genes whose
expression were up- and downregulated at least 1.5-fold in
the lungs of females vs. males exposed to filtered air (n =
6/group). The diagram shows reported direct (solid lines)
and indirect (dashed lines) interactions for these genes.
Each gene or group of gene is represented as a node in green
(downregulated) or red (upregulated). Network analysis
was performed with Ingenuity Pathway Analysis (see MA-
TERIALS AND METHODS for details).

teraction, and cellular movement pathways (Table 4C). The
functional relationship plot shown in Fig. 7 indicates that many
of these genes, whose expression differed more than 1.5-fold in
females vs. males, have been reported to have direct (solid
lines) or indirect (dashed lines) associations, indicating that
these may belong to common pathways that are activated in
response to ozone.

In humans and rodents, inhalation of ozone is associated
with an inflammatory response characterized by accumulation
of macrophages in the lower airways. Activation of alveolar
macrophages results in the release of proinflammatory media-
tors that contribute to neutrophil recruitment, oxidative stress,
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Table 5. Effects of ozone exposure in male mice

L1159

A. Top canonical pathways differentially expressed in males in response to ozone

Canonical Pathways P Value
Granulocyte adhesion and diapedesis 1.14E-18
Agranulocyte adhesion and diapedesis 2.54E-18
Altered T cell and B cell signaling in rheumatoid arthritis 1.04E-15

B. Top molecular and cellular functions affected by ozone exposure in male mice

Molecular and Cellular Functions P Value No. of Molecules
Cellular movement 1.55E-07-3.27E-33 26
Cell-to-cell signaling and interaction 1.51E-07-1.96E-31 25
Cellular function and maintenance 8.31E-08-2.38E-22 26
Cellular development 1.11E-07-9.89E-20 22
Cellular growth and proliferation 1.11E-07-9.89E-20 23

C. Top associated network functions affected by ozone exposure in male mice

Associated Network Functions Score
Cell-to-cell signaling and interaction, cellular movement, immune cell trafficking 39
Hematological disease, immunological disease, infectious disease 8
Cancer, organismal injury and abnormalities, increased levels of AST 7
Dermatological diseases and conditions, cellular movement, hematological system development and function 3
Cell-to-cell signaling and interaction, cellular growth and proliferation, hematological system development
and function 3

and lung injury (29). In our mice exposed to ozone, we
identified a differential (quantitative and qualitative) gene ex-
pression response in the lungs of males vs. females (Fig. 3),
although a similar number of genes were affected in both
groups (Tables 2 and 3). Major differences between sexes
involved cytokine and chemokine expression (Ccl20, Ii6,
Cxcl2, Cxcll0, Cxcl9, Ifng, Lta, and Ccl3), as well as expres-
sion of nuclear proteins and enzymes (Fos, Nos2). IPA analysis
of the major canonical pathways altered in response to ozone
revealed similar results for males and females (Tables 5A and
6A). We found that, although both males and females showed

Table 6. Effects of ozone exposure in female mice

differential expression of genes related to adaptive immune T
and B cell signaling, only females showed significant changes
in genes related to innate and adaptive immunity communica-
tions (Tables 5B and 6B). The results from IPA top network
analysis indicated that females had a higher number of genes
from the Inflammatory Response, Cell-to-Cell Signaling and
Interaction, and Cellular Movement networks, whereas more
genes affected in males belonged to Hematological Disease,
Immunological Disease, and Infectious Disease pathways (Ta-
bles 5C and 6C). The network association analysis for this
dataset also identified similar pathways altered by ozone in

A. Top canonical pathways differentially expressed in females in response to ozone

Canonical Pathways P Value
Altered T cell and B cell signaling in rheumatoid arthritis 1.74E-14
Granulocyte adhesion and diapedesis 6.32E-14
Agranulocyte adhesion and diapedesis 1.15E-13
Communication between innate and adaptive immune cells 3.16E-12
B. Top molecular and cellular functions affected by ozone exposure in female mice
Molecular and Cellular Functions P Value No. of Molecules
Cellular movement 4.29E-07-2.85E-28 21
Cell-to-cell signaling and interaction 4.05E-07-8.34E-27 21
Cellular growth and proliferation 3.79E-07-2.43E-20 20
Cellular function and maintenance 4.29E-07-3.31E-20 21
Cellular development 4.29E-07-4.19E-19 20
C. Top associated network functions affected by ozone exposure in female mice
Associated Network Functions
Cell-to-cell signaling and interaction, cellular movement, immune cell trafficking 34
Inflammatory response, cell-to-cell signaling and interaction, cellular movement 6
Skeletal and muscular system development and function, hematological disease, immunological disease 5
Cardiovascular system development and function, organ morphology, skeletal and muscular system
development and function 3
Cancer, cell cycle, cellular development 2
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Fig. 8. Comparison of gene networks affected by ozone exposure in males and females. A: Venn diagram showing genes with significant changes in expression
in response to ozone exposure in lungs of male and female mice. The intersection shows genes affected in both sexes in response to ozone (green =
downregulated, red = upregulated). Genes with significant differences in expression (P < 0.05) between males and females are shown in bold. B: diagram of
biological networks of selected genes whose expression were up- and downregulated at least 1.5-fold in the lungs of animals exposed to ozone vs. filtered air
(n = 6/group). Left, changes in male mice; right, genes affected in female mice. Both diagrams show reported direct (solid lines) and indirect (dashed lines) gene
interactions. Each gene or group of gene is represented as a node in green (downregulated) or red (upregulated). Network analysis was performed with Ingenuity

Pathway Analysis (see MATERIALS AND METHODS for details).

males and females, with cytokine and chemokine expression
and intracellular signaling kinase pathways as central nodes
(Fig. 8). Taken together, these results indicate that the sexual
dimorphism observed in the immune response to ozone may be
associated with differential activation of intracellular mecha-
nisms and gene regulatory networks in the lung cells of males
vs. females. Our results are particularly relevant to women’s
health, since epidemiological studies show a higher prevalence
of environmental lung diseases affecting adaptive immunity in
women, and accumulating evidence indicates that circulating
levels of female sex hormones may be important physiological
modulators of lung function and immunity in female asthmatic
patients (13, 56, 60). With the rise in the burden of asthma and
other inflammatory lung diseases in women worldwide, it is
essential that we increase our understanding of the biological
roles of sex hormones in modulating airway inflammation and
immunity (2, 9, 10). Future studies in ovariectomized mice
may shed light in the specific roles of female sex hormones and

the mechanisms associated with their receptors in the control of
innate immune responses in the lung.

Although the response to ozone in males and females in
both the array and pathway analyses was highly similar, we
found that the intensity of the response clearly differed
between sexes (Fig. 3, and Tables 2 and 3). Quantitative
real-time PCR in a subset of selected genes confirmed these
gene expression patterns. Our results showed that the Ccl20/
MIP-3«, 116, and Cxcl2/MIP-2ac mRNAs were the most
affected by ozone inhalation in both males and females but
had significantly higher expression in females than in males
(Fig. 4). Previous studies in lung cells have reported in-
creased levels of CCL20 upon exposure to air particulate
matter (61) and have proposed a role for this inflammatory
mediator in the transition from innate to adaptive immunity
and in recruitment of dendritic cells into the lung in re-
sponse to LPS (67). The macrophage inflammatory protein
and chemoattractant CXCL2 and CCL2, respectively, were
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also reported as major contributors to the immune response
to various oxidants (33), and increased IL-6 levels have
been reported in BAL obtained from animals exposed to
ozone, although no sex differences were previously de-
scribed (70). The specific cell types that secrete CCL20,
CXCL2, and IL-6, as well as the mechanisms by which these
and other inflammatory cytokines activate and promote
infiltration of immune cells to the airways, are still not
completely identified.

Studies in 77r4 and Il1r] knockout mice have indicated that
both type I interleukin receptor and Toll-like receptor 4 are
required for macrophage activation and overall lung immune
responses to ozone (17, 34). In addition, ILIRI, the only
signaling receptor for interleukin-1 alpha and beta, has been
identified as a major contributor to the IL-6 induction in
response to ozone (34). Our real-time PCR data revealed a
significantly higher expression of Il/r], but not T4, in fe-
males exposed to ozone, indicating that the sex differences
observed in /6 expression in the acute response to ozone may
be associated with /l/r] at the time point studied (Fig. 5).

Interleukin-6 is a pleiotropic cytokine required for neutro-
phil recruitment, known to regulate both innate and adaptive
responses (22, 35). Binding of IL-6 to its receptor can induce
activation of multiple intracellular signal transducers (28, 40).
The sequential downstream pathways associated with these
complexes include phosphorylation, dimerization, and nuclear
translocation of the transcription factor STAT3, resulting in
differential modulation of gene expression (36). Since Stat3
was not included in the original gene array, we evaluated its
expression by real-time PCR, and we identified a significant
overexpression in females exposed to ozone, consistent with
our previous /I6 and Il1r] expression data. In addition, since
the transcription factor CCAAT/enhancer-binding protein beta
(Cebpb) has been recently recognized as a modulator of acute
lung injury (74), and associated with induction of IL-1 and
IL-6 in response to LPS (31, 58), we also verified its expression
by real-time PCR (Fig. 5) and found a significant increase in
the lungs of females exposed to ozone vs. males and filtered
air-exposed animals. Together, these results show that molec-
ular pathways associated with IL-1 and IL-6 induction may
represent major mechanisms implicated in the differential im-
mune response to ozone in males and females. Since activation
of STATS3 has been previously reported as a major mediator of
ozone-induced acute lung injury (23), we next evaluated
whether sex differences existed in STAT3 phosphorylation
lung extracts. Interestingly, despite significant changes in Stat3
mRNA levels, no differences were found in total STAT3
protein levels or phosphorylation at amino acid S727. How-
ever, phosphorylation of STAT3 at amino acid Y705 was
significantly higher in both males and females in response to
ozone (Fig. 6), indicating that STAT3 phosphorylation may
mediate overall immune responses to ozone in both males and
female mice but may not be responsible for the sex differences
observed.

In summary, exposure to ozone has numerous negative
effects on lung health and innate pulmonary host defense (30,
32, 44). Our studies in mice show significant differences in
proinflammatory cytokine and chemokine expression and as-
sociated gene expression and functional networks between
males and females exposed to both filtered air and ozone.
Although our study has several limitations, including the use of
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whole lung tissue instead of selected cell types, and the use of
female mice in all stages of the estrous cycle instead of animals
with controlled hormone levels, the information obtained sup-
ports the hypothesis of differential gene expression networks,
and potentially associated signaling pathways, as mediators of
sex differences in the lung inflammatory response to ozone.
Understanding the regulatory roles of the differentially ex-
pressed genes in response to environmental insults may pro-
vide the foundation for the identification of sex-specific ther-
apeutic targets for acute lung inflammation and injury.
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