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Abstract

Context—NO, and O3 are ubiquitous air toxicants capable of inducing lung damage to the
respiratory epithelium. Due to their oxidizing capabilities, these pollutants have been proposed to
target specific biological pathways, but few publications have compared the pathways activated.

Objective—This work will test the premise that NO, and O3 induce toxicity by activating similar
cellular pathways.

Methods—Primary human bronchial epithelial cells (HBECs, n = 3 donors) were exposed for 2
hours at an air-liquid interface to 3 ppm NO», 0.75 ppm Og, or filtered air and harvested 1 hr post-
exposure. To give an overview of pathways that may be influenced by each exposure, gene
expression was measured using PCR arrays for toxicity and oxidative stress. Based on the results,
genes were selected to quantify whether expression changes were changed in a dose- and time-
response manner using NO» (1, 2, 3, or 5 ppm), O3 (0.25, 0.50, 0.75, or 1.00 ppm), or filtered air
and harvesting 0, 1, 4 and 24 hrs post-exposure.

Results—Using the arrays, genes related to oxidative stress were highly induced with NO, while
expression of pro-inflammatory and vascular function genes were found subsequent to Osz. NO,
elicited the greatest HMOX1 response, whereas Oz more greatly induced /L-6, /L-8 and PTGS2
expression. Additionally, O3 elicited a greater response 1 hr post-exposure and NO, produced a
maximal response after 4 hrs.

Conclusion—We have demonstrated that these two oxidant gases stimulate differing mechanistic
responses /n vitro and these responses occur at dissimilar times.
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Introduction

Nitrogen dioxide (NO,) and ozone (O3) are ubiquitous, highly reactive gaseous air
pollutants regulated by the United States Environmental Protection Agency (US EPA) and
the World Health Organization (WHO). Both pollutants are components found in
photochemical smog and their toxicity is generally attributed to their high oxidative
potential.

NO>, is a brown/orange, pungent, free radical gas found in both indoor and outdoor
environments. Common ambient sources of NO5 include mabile emissions, fuel combustion,
industrial processes, and fires, and concentrations of NO» in outdoor urban air range from
0.01-0.04 ppm with peak concentrations of 0.50 ppm NO, (WHO, 2005). Indoor
concentrations of NO», largely attributed to unvented gas combustion sources, often exceed
those measured outdoors, and concentrations of NO, can reach as high as 1 ppm (WHO,
2005). Other environments where elevated NO, concentrations (2-5 ppm) have been found
include inside power plants (Carbone et al., 2014) and unvented ice hockey rinks (Pelham et
al., 2002, Lee et al., 1994), in the workplaces of welders (Azari et al., 2011), in traffic
(Persinger et al., 2002), and directly outside farming silos (Pavelchak et al., 1999). In
controlled human exposure studies, acute exposures to NO, have resulted in increased PMN
production found in bronchial washings (Devlin et al., 1999, Blomberg et al., 1997),
suggesting that NO, can elicit changes to underlying inflammation-related events in the
respiratory system. /n vitro studies of NO, have also corroborated this effect. In studies
where normal human bronchial epithelial cells (HBECs) were exposed to NO,, increases in
pro-inflammatory cytokines, including I1L-8 and IL-1p, have been observed (Ayyagari et al.,
2004, Devalia et al., 1993). This trend of increasing IL-8 was also observed in HBECs
obtained from both normal as well as asthmatic subjects exposed to NO, (Bayram et al.,
2001). In addition to inflammation, additional work has also found increases in HMOX1
gene expression both in normal HBECs (Ayyagari et al., 2007) and in a mouse model
(Johnston et al., 2000) following exposures to NO,, suggesting that NO», elicits a pro-
oxidative stress response as well. In combining the results from the human, animal, and cell
models, it appears that NO, is capable of inducing both an underlying pro-inflammatory and
pro-oxidative stress response in the lung.

O3, a secondary air pollutant, is formed by the photochemical reaction of NO», volatile
organic compounds, and sunlight in the atmosphere, and O3 is the main component in
photochemical smog. As a result of its dependence on sunlight for formation, O3 exhibits
strong diurnal and seasonal patterns, where it is elevated in the afternoon hours and during
the summer months. In the vicinity of high NO, emission sources Os is scavenged and
found in low abundance, such as near busy urban centers and roadways. However, O3
concentrations are higher in suburban and rural locations, and subject to long-range
transport. Unlike NO,, ambient concentrations of O3 are much higher than indoor sources,
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and have been extensively studied with respect to their associated health effects. Large-scale
studies have associated O3 exposure with mortality (Jerrett et al., 2009), incidence of asthma
and asthma-related symptoms (McDonnell et al., 1999, McConnell et al., 2002), and reduced
lung function (Gauderman et al., 2002, Peters et al., 1999). Controlled human studies of O3
support the results obtained from epidemiological work, with decreases in lung function
(Devlin et al., 2012, Horstman et al., 1990, McDonnell et al., 1991) and increases in airway
reactivity (McDonnell et al., 1991) observed subsequent to inhaling O3. Additionally,
pulmonary inflammation is consistently observed in human subjects following O3
exposures; this is evidenced by increases in IL-6 and IL-8 measured in bronchoalveolar fluid
(Devlin et al., 1991, Koren et al., 1991, Krishna et al., 1998, Devlin et al., 1996, Devlin et
al., 2012). Increases in pro-inflammatory-related endpoints have also been observed using
cell (McCullough et al., 2014, Hatch et al., 2014, Rusznak et al., 1996) and mice models
(Sunil et al., 2013, Sunil et al., 2012, Park et al., 2004) by measuring the induction of pro-
inflammatory cytokines including IL-8, IL-6, PTGS2, and IL-1p. Thus, ozone is a potent
oxidizing gas capable of disrupting pulmonary function and enacting short-term damage to
the airways.

Many studies propose that NO, and Os elicit responses through similar mechanisms
(Johnston et al., 2001, Johnston et al., 2000); however, there is a growing body of evidence
suggesting that the toxic mode of action between NO, and Og is distinct (Kleeberger et al.,
1997, Rietjens et al., 1986). These contradictory viewpoints suggests the need for more
research to better understand how these gases lead to adverse human health effects. In this
study we analyzed and compared the biological pathways altered by NO, and O3 by looking
at changes in the relative gene expression in HBECs exposed to these gases. The HBECs
were collected via a brush biopsy of healthy human volunteers and exposed at the air-liquid
interface (ALI), which we believe represents the best currently available /n vitro system for
assessing the effects of inhaled toxicants. The results obtained in this work suggest NO, and
O3 do not induce biological effects in a similar manner but rather have different modes of
action.

Primary human bronchial epithelial cells (HBECs) were obtained via a brush biopsy of
healthy, nonsmoking adult volunteers. Once collected, the HBECs from each brush were
placed in a 15 mL sterile, plastic tube with bronchial epithelial growth medium (BEGM,
Clonetics, Cambrex Corp, East Rutherford, NJ) and plated on plastic tissue culture plates
(Corning, Inc. Wilkes-Barre, PA). The cells, submerged with media, were expanded until
passage 3, seeded on 0.4 micron pore size uncoated 12-well Transwell filters (Corning, Inc.)
at a density of 1 x 10 cells/well, and were expanded and grown at the air-liquid interface
(ALI) for 4-8 days as previously described (Ross et al., 2007). The Institutional Review
Board protocol and consent forms for the acquisition of the HBECs were approved by the
University of North Carolina at Chapel Hill as well as the United States Environmental
Protection Agency.
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Nitrogen dioxide and ozone exposures

Prior to each exposure the apical surface of each Transwell was washed with Dulbecco’s
phosphate buffered saline (Life Technologies, Grand Island, NY) and fresh media was added
into the basolateral compartment. The cells were then exposed to 4 different concentrations
of nitrogen dioxide (1 ppm, 2 ppm, 3 ppm, or 5 ppm) or ozone (0.25 ppm, 0.50 ppm, 0.75
ppm, or 1.00 ppm) for 2 hours in exposure chambers held at 37.5 °C, 5% CO», and 88%
relative humidity (Devlin et al., 1994, McKinnon et al., 1993, Bauer et al., 2015).
Simultaneous to each NO, and O3 exposure, additional cells were exposed to filtered air at
the same temperature, humidity, and air flow rate that was used for the pollutant exposures;
this served as our negative control. Previous studies by us and others have shown that these
O3 concentrations do not cause more than minimal (5% or less) decreases in cell viability as
measured with lactate dehydrogenase (LDH) release assay (Hatch et al., 2014). In addition,
LDH was measured in NO,-exposed cells for this study and minimal inductions were
measured (1% or less) at the concentrations assessed. At 0, 1, 4, and 24 hrs after each
exposure (pollutant or filtered air) the Transwells were washed with 200 uL PBS and the
cells were lysed for mRNA collection and extraction using the RNeasy kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocols. Total cellular RNA was quantified
using a Nanodrop Spectrometer (ND-1000) and reverse transcribed to cDNA using the
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). For each donor, samples were run
using biological duplicates for individual time points and concentrations.

Pathway-focused gene expression arrays

HBECSs from 3 donors exposed for 2 hrs to 3 ppm NO», 0.75 ppm Os, and a filtered air
control were run on two pathway-focused gene expression PCR arrays. Only HBECs
harvested 1 hr post-exposure were used. The concentration of O3 was selected based on past
work conducted in our laboratory in which bronchial epithelial cells were exposed in a dose-
response manner to O3 (0-1 ppm) and inductions of 1L-8 and IL-6 were measured at each
concentration (Devlin et al., 1994). Non-toxic increases in these genes were found following
exposures to 0.75 ppm Os, which was the concentration chosen for this pollutant. The
concentration of NO, (3 ppm) was chosen based on a previous study comparing Oz and NO,
toxicity, using our 0.75 ppm O3z concentration as a reference in determining the
concentration to be used for NO». Specifically, Johnston (2000) conducted a study in which
they exposed mice lungs to NO, (15 or 30 ppm) and O3 (1 or 2.5 ppm), and similar
inductions of M73and HMOX1 were found between the 2.5 ppm O3 and 15 ppm NO,
concentrations. This suggests that O3 is approximately six times more toxic than NO, when
looking at changes in gene expression for these selected genes. For our PCR array, we went
with a slightly more conservative comparison and assessed a concentration of NO, that was
only 4 times greater than that of O3. A 1 hr time point post-exposure was selected based on a
preliminary time-response curve of /L-8gene expression changes following O3 exposures.

The relative gene expression of 84 genes relating to toxicity was quantified using a
PrimePCR Pathway Plate for Human Stress and Toxicity with the SAB target list (Bio-Rad)
on a 96-well format according to the protocol given by the manufacturer. The Stress and
Toxicity Arrays were run on a StepOne Plus Real-Time PCR system (Applied Biosystems).
The relative gene expression of 84 genes relating to oxidative stress was quantified using a
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RT2 Profiler PCR Array for Human Oxidative Stress and Antioxidant Response
(SABiosciences Corp, Frederick, MD) on a 96-well format according to the protocol given
by the manufacturer. The Human Oxidative Stress and Antioxidant Response Arrays were
run on a 7500 Real-time PCR system (Applied Biosystems). Both PCR arrays offer reliable
information on a multitude of genes across various exposure scenarios.

Real-time polymerase chain reaction

Relative expression of specific genes was quantified using real-time polymerase chain
reaction (RT-PCR). RT-PCR was completed using iTaq Universal Probes Supermix (Bio-
Rad) and primer/probe sets of interest, and the samples were run using a StepOne Plus Real-
Time PCR system (Applied Biosystems). Primer/probe sets for /L-6, IL-8, PTGSZ,
HMOX1, and TLR4were designed in-house. TagMan Gene Expression Assay primer/probe
sets for ADM, MMP9, MT3, TXNRD1, AOX1, FOXM1, SERPINE1, BBC3, and ATM
were purchased from Life Technologies. For each biological duplicate, samples were run in
technical triplicates.

Statistical analysis

Results

Prism 4.0 (GraphPad, San Diego, CA) was used for all statistical analyses, and the results
are reported as the mean + standard error (SEM) unless otherwise noted. Fold changes for
the PCR arrays were calculated relative to a filtered air negative control, using the AACt
method by normalizing to the average of a subset of housekeeping genes included on each
plate (Livak and Schmittgen, 2001). Fold changes for the RT-PCR data, relative to a filtered
air negative control from each corresponding time point, were calculated using the AACt
method by normalizing to -actin (Life Technologies) and averaging the results from the
biological duplicates and technical triplicates. All data were tested for normality using the
Kolmogorov-Smirnov test and then analyzed using 1-factor analysis of variance (ANOVA).
To test for comparisons between filtered air and the various concentrations of each gas,
Tukey’s Multiple Comparison Test was used. Statistical significant was set for a p-value <
0.05.

Pathway-focused gene expression arrays

PCR arrays offer a quick, reliable, and simple approach to compare the response of various
pathway-associated genes that may be perturbed by exposures of NO, and O3. The Stress
and Toxicity PCR Array covered genes from multiple pathways, including DNA damage,
hypoxia, inflammation, oxidative stress, and heat shock. This PCR array was selected to give
a wide overview of various and unique pathways that may be influenced by O3 or NO,
exposures, which could ultimately be used to narrow down specific pathways and genes of
interest. Based on the results obtained from the Stress and Toxicity PCR array, an additional
PCR array specific to oxidative stress was also run using the same cDNA samples.

Stress and Toxicity PCR Array—Of the 84 genes encompassing the multiple pathways
represented in the Stress and Toxicity PCR Array, thirty-three genes were identified in which
the average fold changes were either greater than 1.5 or less than —1.5 following pollutant
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exposures to either one or both gases. When comparing the expression profiles between NO,
and O3 across the pathways represented on this array, those related to inflammation (/L-6,
CCL2, IL-1p, IL-8) and vascular function (ADM, MMP9) were the most highly expressed
following exposure to Oz. This was contrary to NO,, in which genes related to oxidative
stress (HMOX1, TXNRDI) were highly elevated, and those that showed reduced gene
expression were involved in inflammation (/L-6, CCL2), DNA damage (ATM), and hypoxia
(EPO). A heat map demonstrating these results can be seen in Figure 1.

Human Oxidative Stress and Antioxidant Defense PCR Array—As genes related
to oxidative stress, in particular HMOX1, were more highly expressed following exposures
of HBECs to NO, using the Stress and Toxicity PCR Array, the same donor samples were
run on a Human Oxidative Stress and Antioxidant Defense PCR Array to further define
changes in oxidative stress/antioxidant defense pathways. After analysis, 27 genes were
identified in which the average fold changes were either greater than 1.5 or less than -=1.5 in
one or both pollutants. A gene expression heat map for these genes can be seen in Figure 2.
The majority of genes represented on the Human Oxidative Stress and Antioxidant Defense
PCR Array were found to have elevated gene expression after NO, exposures, compared to
0O3. Amongst these were genes related to the binding of heavy metals (MT7L5, MT3),
scavenging reactive oxygen species (GPX5), cell cycle progression (FOXM1I), and
inflammation (CCL5). However, the mMRNA expression of some genes were more greatly
elevated following O3 exposures compared to NO,, including PTGS2Z, which is also
associated with an inflammatory response. Thus, it appears that over a wide range of
oxidative stress-related genes NO, induces a greater response compared to Os.

Real-time polymerase chain reaction

Based on the results from the pathway-focused gene expression PCR arrays, several genes
were selected to quantify whether changes in gene expression could be observed at several
concentrations and times after exposure. The genes selected for the time- and dose-response
represented those: 1) where differences between NO, and O3 were noted in the PCR arrays;
and 2) from pathways that were consistently either up- and down-regulated by either
pollutant. In general, only slight increases in gene expression were observed at the 0 hr time
point, suggesting that gene expression changes are not immediate. Gene expression
responses returned back to baseline levels by 24 hrs post-exposure. Thus, only the mRNA
expression from the 1 and 4 hrs post-exposure harvest are shown in the subsequent Figures.
Preliminary data from several genes that seemed to be elevated in the PCR array (ADM,
MMPY, MT3, TXNRD1, AOX1, FOXM1, SERPINE1, BBC3, ATM, and TLR4) showed
minimal inductions in gene expression (< 2 fold) for either pollutant when run using PCR
(data not shown).

Expression of pro-inflammatory related genes (IL-8, PTGS2, IL-6)—The mRNA
expression for /L-8following NO, and O3 exposures can be seen in Figure 3. In agreement
with the PCR array (Figure 1), /L-8 mRNA expression 1 hr post-O3 exposure was
statistically elevated relative to a filtered air control for 0.50, 0.75, and 1.00 ppm
concentrations (Figure 3A). At 4 hrs post-exposure (Figure 3B) the response of the HBECs
to O3 decreased to an approximate 2 fold induction; but were still significantly elevated
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compared to filtered air for 0.50, 0.75, and 1.00 ppm O3. NO, appeared to have a minimal
impact on the expression of /L-8at 1 hr after exposure. However, not following a dose-
response curve, only the highest NO, concentration (5 ppm) caused a significant elevation in
/L-8 mRNA expression at 4 hrs post-exposure (p < 0.01).

Inductions of PTGS2 mRNA gene expression were comparable to those found with /L-8 for
the O3- and NO,-exposed HBECSs at their respective times and concentrations, including an
increase in PTGSZ mRNA 4 hrs post-exposure to NO,. In contrast Figure 5 shows no
statistically significant increases in the mMRNA expression of /L-6following exposures to
either O3 or NO». At 1 hr post-exposure /L-6 mMRNA levels are substantially elevated, even
higher than levels of /L-8or PTGS2. However, the large SEM associated with this mMRNA
prevents these changes from being statistically significant. The large inductions in /L-6
mRNA following O3 exposures, compared to a filtered air control, are consistent with the
results from the PCR array (Figure 1).

Expression of an oxidative-stress related gene (HMOX1)—Due to the large
induction of HMOXZ mRNA expression after the exposure of HBECs to 3 ppm NO, (Figure
1), HMOX1 was also selected for a detailed time- and dose-response with both NO, and Os.
At 1 hr post-exposure, Osz-induced increases in mMRNA expression of HMOXI can be seen in
a dose-response manner (Figure 6). Elevations in HMOXI mRNA expression were
significant for 0.50, 0.75, and 1.00 ppm O3 compared to a filtered air control. Additionally,
elevations in mMRNA AMOX1 expression were found following exposures of HBECs to
NO,. However because of a large SEM, only the 5 ppm concentration caused a statistically
significant increase.

Differences in kinetics between NO, and O3 responses—The purpose of the time-
response was to determine whether there were differences in the time it takes to reach a
maximum gene expression response between NO, and Oz. From the times selected for post-
exposure measurements for this work (0, 1, 4, 24 hrs), minimal changes were observed at 0
hrs post-exposure, with most responses returning back to baseline levels after 24 hrs. A
consistent induction in gene expression for Oz-exposed cells was found after 1 hr post-
exposure, whereas NO> elicited the greatest inductions in gene expression 4 hrs post-
exposure (Figures 3-6). Thus, it is possible that in addition to eliciting responses via
differing mechanisms the kinetics of responses might differ between HBECs exposed to
NO, and Og as well.

Discussion

In this study we compared and contrasted biological cellular pathways activated by NO, and
O3, two oxidant gases previously hypothesized to elicit adverse effects through similar
mechanisms. We assessed changes in the relative gene expression of 168 genes associated
with multiple toxicity pathways in primary human bronchial epithelial cells after acute
exposures to either NO, or O3. We determined that O3 was a greater inducer of pro-
inflammatory genes compared to NO,. However, NO, induced a greater response in genes
associated with oxidative stress compared to O3. Thus our results suggest that NO, and O3
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do not elicit adverse effects in a similar manner and may have different toxic modes of
action.

Several studies have done side-by-side comparisons of acute exposures to NO, and O3 to
address whether these two oxidant gases elicit responses in similar manners. The advantages
of doing a parallel comparison of NO, and O3 include similar models, exposure conditions,
and experimental methods. Within these studies, some work suggests that the manner that
each gas elicits an adverse effect is not analogous. This belief is based on research
demonstrating discordance for susceptibility among inbred mice strains exposed to both
pollutants (Kleeberger et al., 1997), suggesting that mechanisms of susceptibility are not the
same for NO, and Os. In contrast, Johnston et al. (2000) exposed mice to 15-30 ppm NO»,
1-2.5 ppm Og, or filtered air. Using a multicytokine ribonuclease protection assay, this
group observed increases in metallothionein (M#) and HMOX1 gene expression from RNA
extracted in lung tissue following both exposures, suggesting that that NO, and O3 elicit
effects in a similar manner. In other published work by this group it was suggested that the
recovery from NO, and Osz-induced oxidant injury occur similarly as well based on similar,
but limited, gene expression responses (Johnston et al., 2001). The results from the current
study support those of the former suggesting that NO, and O3 do not elicit effects via a
similar mechanism.

In a recently published review by Li et al. (2013), the authors describe various events in the
airways that can lead to an inflammatory response in the lung. In our work we looked at one
aspect of this inflammatory response — the production of cytokines — by measuring the
relative expression of genes associated with inflammation. Similar to previous /n7 vitro
studies of O3, we found increased mRNA accumulation from /L-8, IL-6, PTGSZ, and /L-15
(McCullough et al., 2014, Hatch et al., 2014, Rusznak et al., 1996, Devlin et al., 1994,
McKinnon et al., 1993). Additionally, this /in vitro pro-inflammatory response has been
corroborated in animal (Sunil et al., 2013, Sunil et al., 2012, Park et al., 2004) and human
research (Devlin et al., 1991, Koren et al., 1991, Krishna et al., 1998, Devlin et al., 1996).
Thus, there is overwhelming evidence from Jin vitro, animal, and human exposure studies
that O3 is capable of producing a pro-inflammatory response in the airways, consistent with
results from the current study.

Compared to Og, there is a paucity of data on the inflammatory effects of NO, in the
respiratory system. In the current study, slight increases in the pro-inflammatory genes /L-8,
PTGSZ, and /L-15 were observed following exposures to NO,. Similarly, in a previous study
where normal human bronchial epithelial cells were exposed to 45 ppm NO,, increases in
IL-8 and IL-1p protein concentration were observed (Ayyagari et al., 2004). It should be
noted, however, that a concentration of 45 ppm NO, is at least an order of magnitude higher
than people would normally be exposed to in typical environmental and occupational
situations. Using more environmentally relevant concentrations, Devalia et al. (1993)
exposed HBECs extracted from the airways of smoking donors to 0.4 and 0.8 ppm NO, and
observed a 2-fold induction of I1L-8. Although this induction is greater than that reported in
the current study, it is possible that differences in donors, cell culture, smoking status, and
length of exposure could have contributed to this variance. In addition to using cellular
models, researchers have also examined the inflammatory response in human subjects
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exposed under controlled conditions to NOo; small increases in pro-inflammatory markers
were found (Blomberg et al., 1997). Further, no detectable inflammatory response was
observed in nasal lavage or sputum of asthmatics or subjects presenting with COPD
(VVagaggini et al., 1996) and exposed to NO,. Thus, only slight increases in inflammation
have been found in human subjects exposed to NO,.

The induction of HMOXZ occurs as a general oxidative stress response in biological systems
and is hypothesized to be mediated by a transient increase in intracellular reactive oxygen
species (Ryter et al., 2006). In the current study we used HMOXI gene expression as a
marker of oxidative stress, and found greater increases in HMOXI following exposures to
NO, compared to O3. Consistent with our results Ayyagari et al. (2007) observed increases
in HMOX1 expression in normal human bronchial epithelial cells after NO, exposure.
Further, using an /n vivo mice model increases in HMOXZ1 were observed in the lungs after
exposures to NO, (Johnston et al., 2000). Thus, it appears that using different models of
toxicity HMOX1 was found to be induced by NO, exposures. In our work we found
minimal inductions of HAMOXI following our acute O3 exposure, and this result has also
been corroborated in previously conducted studies (Takahashi et al., 1997, Wiegman et al.,
2014). This evidence, in addition to our work, suggests that #MOXZ may not be involved in
acute respiratory responses in the lungs following O3 exposures.

Although the work presented in this paper adds credence to the literature supporting
differential toxic mechanisms for NO, and Os, several limitations to this work exist. First,
we did not measure protein content. While it is possible that changes in mMRNA do not
correlate to an increase in protein concentration, many studies have found similar inductions
in both the RNA and protein for the genes measured in this work. Additionally, we
acknowledge that NO, and O3 deposit in different places in the airways, with NO»
depositing mainly in the terminal bronchioles and O3 depositing in the proximal airways
(Sandstrom, 1995, Hatch et al., 2014). Therefore, it is possible that using bronchial epithelial
cells might not be the best model of toxicity for where these gases are the most damaging.
Additionally, it has been shown that NO, and O3 can react with the surface lining layer of
the airways (Postlethwait and Bidani, 1994, Ballinger et al., 2005, Connor et al., 2004) and
interactions with components in this fluid may be a mechanisms for toxicity. It would be
nearly impossible to recapitulate, /n7 vitro, the complexity or depth of the lung lining fluid;
however, all wells were treated in a similar manner and in biological duplicates to minimize
differences. We also acknowledge that macrophages are capable of releasing markers of
inflammation and oxidative stress (Rietjens et al., 1986, Sunil et al., 2012, Tighe et al., 2011)
and were not studied in this current work. Lastly, using an in vitro model does not provide
evidence that these differential responses occur /n vivo. Despite these limitations, we still
believe using HBECS represents the best cellular model to assess any adverse respiratory
responses related to inhaled pollutants. Compared to transformed cell lines, using human
primary cells have recently been shown to activate different pro-inflammatory pathways
after O3 exposures and thus cell lines may be unreliable in assessing toxicity mechanisms
(McCullough et al., 2014). It should be noted that a limitation of using primary cells is a
restriction on the number of passages and the number of cells obtained from each donor. For
this work, we were unable to use the same donor cells for the O3 exposures as we used for
NO, exposures. To overcome this limitation we used a modest sample size of 3-5 donors for
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each experiment; we saw relatively little variability between the standard errors observed for
each experimental condition tested, suggesting that the variability between the donors was
low for the outcomes tested. We also have a single concentration (1 ppm) that overlaps
between both pollutants to allow for comparison between gene expression changes
associated with NO, and O3 exposures. However, including additional concentrations in
common might have allowed for a more complete comparison, although cellular responses
were observed at lower concentrations of O3z than NO,, potentially making overlapping
concentration curves problematic.

Conclusions

In conclusion, the results from our work suggest that HBECs exposed to varying
concentrations of NO, and O3 do not appear to elicit adverse effects in a similar manner and
may have different toxic modes of action. We found that O3 induced the expression of genes
related to a pro-inflammatory response whereas NO5 induced a greater response in genes
associated with oxidative stress. In addition, the results from this study support the literature
of the pro-inflammatory effects of O3 and add to the literature on the pro-inflammatory and
oxidative stress effects of NO,. We have also highlighted that gene expression changes may
vary kinetically between O3 and NO,, which has not previously been investigated in studies
comparing O3 and NO, toxicity. With both O3 and NO, being ubiquitous air pollutants, it is
important to study how these toxicants elicit adverse health effects in humans. Now that
differences in gene expression changes have been found between these pollutants, future
work will compare and contrast the mechanisms responsible for these differences.
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Figure 1. Gene expression heat maps gener ated using a PrimePCR Pathway Plate of the Stress
and Toxicity SAB Target List (Bio-Rad)

A total of 84 genes were assessed following exposures to 0.75 ppm O3 (n = 3) or 3 ppm NO,
(n = 3). Using a cut-off of a 1.5 fold increase or decrease, 33 genes were differentially
upregulated or downregulated between the 2 exposure scenarios. Fold changes were

calculated relative to a filtered air control.

Fold increase

>4.00
2.00-4.00
1.75-2.00
1.50-1.75
1.25-1.50
1.10-1.25
1.00-1.10

Fold decrease
1.00-1.10
1.10-1.25
1.25-1.50
1.50-2.00
<2.00

Inhal Toxicol. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mirowsky et al.

Gene
MTLS
MT3
AOX1
GPX5
ALB
TXNRD1
MPO
BNIP3
TTN
CSDE1
DGKK
PTGS2
NUDT1
FOXM1
MGST3
PREX1
CCL5
TXNDC2
KRT1
EPHX2
VIMP
LPO
DUSP1
SEPP1
TPO
NOX5
IPCEF1

Page 15

Fold increase

>4.00
2.00-4.00
1.75-2.00
1.50-1.75
1.25-1.50
1.10-1.25
1.00-1.10

Fold decrease
1.00-1.10
1.10-1.25
1.25-1.50
1.50-2.00
<2.00

Figure 2. Gene expression heat maps gener ated using a Human Oxidative Stress and Antioxidant

Defense RT2 Profiler PCR Array (SABiosciences)

A total of 84 genes were assessed following exposures to 0.75 ppm O3 (n = 3) or 3 ppm NO,
(n = 3). Using a cut-off of a 1.5 fold increase or decrease, 27 genes were differentially
upregulated or downregulated between the 2 exposure scenarios. Fold changes were

calculated relative to a filtered air control.
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Figure 3. mRNA expression of I1L-8 following 2 hr long exposures of HBECsto various
concentrationsof Oz and NO» at A) 1 hr post exposure and b) 4 hrs post exposure

The data is expressed as the mRNA fold change relative to a filtered air control. Data were
analyzed using 1-factor ANOVA for dose, followed by Tukey’s Multiple Comparison Post
Test. p-values were calculated between treatments and the filtered air control. * p-value <
0.05, ** p-value < 0.01, *** p-value < 0.001. N =5 donors.
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Figure 4. mRNA expression of PTGS2 following 2 hr long exposures of HBECsto various
concentrationsof Oz and NO» at A) 1 hr post exposure and b) 4 hrs post exposure

The data is expressed as the mRNA fold change relative to a filtered air control. Data were
analyzed using 1-factor ANOVA for dose, followed by Tukey’s Multiple Comparison Post
Test. p-values were calculated between treatments and the filtered air control. * p-value <
0.05, ** p-value < 0.01, *** p-value < 0.001. N =5 donors.
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Figure 5. mRNA expression of I1L-6 following 2 hr long exposures of HBECsto various
concentrationsof Oz and NO» at A) 1 hr post exposure and b) 4 hrs post exposure

The data is expressed as the mRNA fold change relative to a filtered air control. Data were

analyzed using 1-factor ANOVA for dose. N = 3 donors.
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Figure 6. mRNA expression of HMOX1 following 2 hr long exposures of HBECsto various
concentrationsof Oz and NO» at A) 1 hr post exposure and b) 4 hrs post exposure

The data is expressed as the mRNA fold change relative to a filtered air control. Data were
analyzed using 1-factor ANOVA for dose, followed by Tukey’s Multiple Comparison Post
Test. p-values were calculated between treatments and the filtered air control. * p-value <
0.05, ** p-value < 0.01, *** p-value < 0.001. N =5 donors.
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