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ABSTRACT

Ambient ozone (O3) levels are associated with cardiovascular morbidity and mortality, but the underlying
pathophysiological mechanisms driving extrapulmonary toxicity remain unclear. This study examined the coronary
vascular bed of rats in terms of constrictive and dilatory responses to known agonists following a single O3 inhalation
exposure. In addition, serum from exposed rats was used in ex vivo preparations to examine whether bioactivity and toxic
effects of inhaled O3 could be conveyed to extrapulmonary systems via the circulation. We found that 24 h following
inhalation of 1 ppm O3, isolated coronary vessels exhibited greater basal tone and constricted to a greater degree to
serotonin stimulation. Vasodilation to acetylcholine (ACh) was markedly diminished in coronary arteries from O3-exposed
rats, compared with filtered air-exposed controls. Dilation to ACh was restored by combined superoxide dismutase and
catalase treatment, and also by NADPH oxidase inhibition. When dilute (10%) serum from exposed rats was perfused into
the lumen of coronary arteries from unexposed, naı̈ve rats, the O3-induced reduction in vasodilatory response to ACh was
partially recapitulated. Furthermore, following O3 inhalation, serum exhibited a nitric oxide scavenging capacity, which
may partially explain blunted ACh-mediated vasodilatory responses. Thus, bioactivity from inhalation exposures may be
due to compositional changes of the circulation. These studies shed light on possible mechanisms of action that may
explain O3-associated cardiac morbidity and mortality in humans.
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IL, interleukin;
LOX-1, lectin-like receptor for oxidized low density

lipoprotein;
MGD, di(N-methyl-D-glutaminedithiocarbamate);
NADPH; NO, nitric oxide;
NOx, oxides of nitrogen;
PEG-SOD, polyethylene glycol-superoxide dismutase;
PM, particulate matter;
PSS, physiological saline solution;
O3, Ozone;
ppm, parts per million;
RBC, red blood cells;
TNF-alpha, tumor necrosis factor-alpha;
WBC, white blood cells.

Ambient ozone (O3) exposure is associated with cardiovascular
disease outcomes in several recent epidemiological studies
(Nuvolone et al., 2013; Raza et al., 2014), although some contro-
versy exists owing to covariate uncertainty and the shortage of
documented biological plausibility. Recent toxicological studies
with controlled exposures to O3 provide new evidence for sys-
temic effects of O3, but the mechanism of vascular dysfunction
is unclear (Chuang et al., 2009; Robertson et al., 2013). Controlled
human exposures offer conflicting evidence as to a cardiovascu-
lar impact of O3. Devlin et al. (2012) exposed healthy human
volunteers to 0.3 ppm O3 for 2 h and found slight, but significant,
exposure-related alterations in circulating interleukin-8 and
plasminogen activator inhibitor-1, along with reduced high
frequency heart rate variability and modestly increased QT in-
terval at up to 24-h postexposure (Devlin et al., 2012). More re-
cently, however, Barath et al. (2013) found no alterations in
endothelial function in humans up to 8-h postexposure to
0.3 ppm O3 for 75 min, using a well -established and sensitive
clinical model (Barath et al., 2013). Thus, there remains consid-
erable debate regarding the plausibility for O3 to promote
extrapulmonary toxicity.

Numerous other pollutants, such as particulate matter (PM)
and combustion–source mixtures (eg, diesel emissions, tobacco
smoke), also induce endothelial dysfunction beyond the pulmo-
nary bed (Campen et al., 2005; Conklin et al., 2009; Sun et al.,
2005). While the cellular mechanisms of endothelial dysfunc-
tion include roles for endothelin receptors and nitric oxide (NO)
synthase, the underlying pathways leading from the lungs to
the systemic vasculature remain unknown (Cherng et al., 2009,
2011). While complex emissions contain compounds that can
directly translocate into the blood and contact endothelial cells,
O3 is rapidly scavenged in the epithelial lining fluid of the air-
ways and only rarely comes in direct contact with airway cells,
much less penetrates to the circulation (Postlethwait et al., 1994;
Pryor 1992). Thus, in addition to being an environmental con-
cern, O3 is also a model pollutant to better understand how pul-
monary interactions with inhaled pollutants may result in
systemic vascular outcomes.

Despite the lack of translocation and direct contact with vas-
cular cells, O3 inhalation has been consistently found to induce
vascular impairments (Chuang et al., 2009; Robertson et al., 2013)
and functional hemodynamic and cardiac alterations.
(Tankersley et al., 2013; Wagner et al., 2014; Watkinson et al.,
2001) Thus, secondary reactants and by-products appear neces-
sary to convey toxicity to the systemic vasculature. The scaven-
ger receptor CD36 appears to have an important role in
mediating the impaired endothelial function when activated by
as yet unknown circulating factors that are generated following

O3 exposure (Robertson et al., 2013). However, we have previ-
ously demonstrated a role for the lectin-like receptor for oxi-
dized low-density lipoprotein (LOX-1) in mediating systemic
effects of fresh engine emissions (Lund et al., 2011). Yet, it is un-
known how selective the circulating ligand(s) are in terms of ac-
tivating specific receptors. We hypothesize that the resultant
loss of vasodilation is due to loss of NO resulting from either NO
synthase impairment by NADPH oxidase-derived intracellular
reactive oxygen species (ROS), as results from LOX-1 activation
(Lund et al., 2011), or by scavenging of already-generated NO. To
test this, we implemented a complementary in vivo/ex vivo study
to ascertain mechanisms of endothelial cell dysfunction and
the potential for circulating factors to alter endothelial cell
physiology or affect NO bioavailability.

MATERIALS AND METHODS

Animals. A total of 65 male Sprague-Dawley rats, aged 8–12
weeks, were obtained from a commercial vendor (Charles River
Laboratories) and used for all experiments. Upon arrival, rats
were housed 2 per cage under controlled environmental condi-
tions (21 6 2�C; 12 h light/dark cycle) with access to tap water
and standard chow ad libitum (Harlan). All protocols were
reviewed and approved by the University of New Mexico
Institutional Animal Care and Use Committee to ensure safety
and humane treatment of animal subjects. Rats were euthan-
ized by exsanguination via cardiac puncture while under anes-
thesia (isoflurane; concentration 1.5–2% in oxygen).

Exposures. O3 was generated using an OREC silent arc discharge
O3 generator (Osmonics, Phoenix, Arizona) with room air sup-
ply. O3 concentrations, along with concentrations of carbon
monoxide and oxides of nitrogen, were continuously monitored
using a photometric O3 analyzer (TG-501, GrayWolf, Shelton,
Connecticut) and temperature was maintained at 21 6 2�C.
Total oxides of nitrogen were monitored to confirm that no
nitrogen-related contaminants were generated. Rats were ran-
domly assigned a group and exposed to either filtered air (FA) or
1 ppm O3 for 4 h. During exposures, the rats were singly housed
within a sealed chamber (Biospherics) with no bedding and an
elevated, stainless steel flooring. Food, but not water, was with-
held during the 4 h exposure period to preclude ingestion of
ozonation products. Rats were euthanized for tissue collections
24 h after exposure.

Collection and analysis of bronchoalveolar lavage fluid.
Bronchoalveolar lavage (BAL) fluid was analyzed for pulmonary
inflammatory responses of rats following inhalation. In brief,
rats were euthanized and the lungs were lavaged 4 times with
8 ml of sterile saline. BAL fluid was centrifuged at 1800� g for
5 min. The supernatant from the first lavage was stored at
�80�C until required for biochemical determination. Total pro-
tein content was assessed with a bicinchoninic acid assay kit
(Pierce, Rockford, Illinois). The cell pellets from all lavages were
resuspended in 1.0 ml of physiological saline and combined.
Total cell numbers were determined and 10 000 cells were cen-
trifuged onto cytospin slides for differential staining as
described (Robertson et al., 2013).

Blood analysis. Blood was taken from the right ventricle immedi-
ately before kill and stored in ice-cooled tubes containing EDTA.
The mean values of different hematological parameters; white
blood cells (WBC), red blood cells (RBC), and platelets; were
measured with the CoulterAc.T diff2 analyzer (Beckman
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Coulter, Miami, Florida). Additional blood was collected into
serum separator tubes and centrifuged at 10 000� g for 5 min to
isolate serum, which was stored at �80�C until use. Serum
nitrate/nitrite (Cayman Chemical, Ann Arbor, Michigan) and
myeloperoxidase (Abcam, Cambridge, Massachusetts) levels
were measured with commercially available kits, according to
manufacturer’s instructions.

Ex vivo vascular function using myography. Septal coronary
arteries were isolated 24 h after exposure, and cleaned of con-
nective tissue in ice-cold PBS, as previously described
(Campen et al., 2005; Cherng et al., 2009). Vessels were mounted
between 2 opposing pipettes, secured with 12-0 monofilament
silk suture, and luminally perfused with a physiological
saline solution (PSS) and pressurized to physiologic levels
(60 mmHg). Arteries were equilibrated at 37�C for 45 min prior to
serotonin (5-HT) constriction or acetylcholine (ACh; 0.001–
100 lmol/l) in U46619 (a thromboxane mimetic) preconstricted
arteries (constricted to �50% of fully relaxed diameter).
Measurements of vessel internal diameter were recorded and
analyzed offline.

To assess myogenic tone responses to increasing intralumi-
nal pressure, vessel diameter was assessed at progressive
pressure steps (20, 40, 60, 80, 100, 120 mmHg) in normal
PSS, then the steps were repeated in a Ca2þ-free PSS (containing
3.7 mmol/l EGTA) to fully relax the vessel (Earley and
Walker, 2002). The role of intracellular ROS in mediating
endothelial dysfunction after O3 exposure was assessed by
luminal perfusion with the cell-permeable superoxide
dismutase (PEG-SOD, 150 U/ml), catalase (CAT), or NADPH
oxidase inhibitor apocynin (30 and 100 lM). Active tone
(myogenic or drug-induced) was calculated as the %
change in inner diameter: myogenic tone¼ [diameter (�Ca2þ) �
diameter (þCa2þ)]/diameter (�Ca2þ)� 100; percent
constriction¼ [diameter (�drug) � diameter (þdrug)]/diameter
(�drug)� 100 (Cherng et al., 2009).

Measurement of NO by electron paramagnetic resonance. Serum
samples from O3- and FA-exposed rats were incubated with the
iron-chelate NO-spin trap, Fe2þ-di(N-methyl-D-glutaminedithio-
carbamate) (Fe2þ(MGD)2; 1 mM, final concentration) and the NO
donor, spermine NONOate (0.33 mM, final concentration), for 10
min. The iron-chelate, Fe2þ(MGD)2, was freshly prepared by
mixing a stock solution of ferrous sulfate (20 mM, dissolved in
deionized water under N2) and an equal volume of Sodium N-
methyl-D-glucamine dithiocarbamate (NaMGD; 100 mM, dis-
solved in deionized water under N2) to give a molar ratio of 1:5,
respectively, prior to each experiment. Following the incubation
period, the incubation medium (400 mL) containing spin
trapped NO was immediately transferred into custom-made gas
permeable Teflon tubing (Zeus Industries, Raritan, New Jersey),
folded 4 times, and inserted into a quartz electron paramagnetic
resonance (EPR) tube open at each end. The quartz EPR tube was
inserted within the cavity of a Bruker EleXsys 540 X-band EPR
spectrometer (Billerica, Massachusetts) operating at 9.8 GHz and
100 kHz field modulation and spectra was recorded after spec-
trometer tuning at room temperature. The EPR spectrum was
acquired with a scan time of 40 s, and 10 scans were obtained
and averaged to produce significant signal-to-noise ratio.
Instrument settings were as follows: magnetic field, 3440 G;
scan range, 100 G; microwave power, 21 mW; modulation fre-
quency, 100 kHz; modulation amplitude, 1.0 G; time constant,
20 ms. The EPR spectra were collected, stored, and processed
using the Bruker Software Xepr (Billerica). NO levels were

quantified and peak-to-peak measurements were taken and
expressed in relative units.

Biotin-switch assay detection of NO scavenging in serum. A modified
biotin-switch assay based on Jaffrey and Snyder (2001) was per-
formed using O3-exposed (n¼ 4) and FA-treated (n¼ 3) rat
serum. In brief, free serum protein thiols were blocked
and S–NOs were reduced and labeled with biotin using an
S-nitrosylation Protein Detection Assay Kit (Cayman Chemical).
Total protein in each serum sample was then quantified using a
spectrophotometer (k¼ 280 nm). Protein (100 mg) was loaded per
well for SDS-PAGE prior to Western blotting. Membranes were
blocked in 2% BSA for 1 h and subsequently incubated with
S-Nitrosylation Detection Reagent (HRP) in 2% BSA for 1 h.
Membranes were developed using HYGLO Chemiluminescent
Quick Spray (Denville Scientific, Denville, New Jersey) and
visualized using a ProteinSimple imager (ProteinSimple, San
Jose, California). Bands were then quantified using ImageJ.

Statistical analysis. Data are expressed as the mean 6 standard
deviation of the mean (SD) for each group, except in figures
where standard error of the mean (SEM) is used. Vascular
responses to agonists are expressed as percentage of the
preconstriction to EC50 U-46619, with 100% representing basal
tension. Statistical comparisons for vascular responses were
performed by Student’s 2-sample t test or 2-way repeated meas-
ures analysis of variance (ANOVA) with Bonferroni post hoc tests.
Other data comparisons, such as serum-induced tone, were
conducted with a Student’s ttest. Statistical analyses were per-
formed using GraphPad Prism software (V5.0; GraphPad
Software Inc., USA). P< .05 was considered to be statistically sig-
nificant (with appropriate Bonferroni adjustments). Sample
numbers for specific assays are described in the figure legends.

RESULTS

Ozone Inhalation Induces Pulmonary Inflammation
Inhalation of 1 ppm O3 for 4 h caused predictable increases in
BAL cellularity 24 h post exposure. Significant elevation in total
cells, driven predominantly by neutrophil influx, was observed,
along with elevations in total lavage protein (Fig. 1A–C).
Furthermore, a modest but significant neutrophilia was
observed in the whole blood, indicating a systemic inflam-
mation (Fig. 1D). The neutrophilia was accompanied by a
nonsignificant trend (P¼ .053 by Student’s t test) toward higher
myeloperoxidase levels in O3-exposed rats (mean 6 SD¼
1.03 6 0.48, n¼ 12) compared with control rats (0.73 6 0.15,
n¼ 12).

Ozone Inhalation Enhances Tone at Baseline
We first compared basal tone in coronary arteries obtained
from FA or O3-exposed rats. Following a 30-min recovery from
the isolation, cleaning, and mounting process, we noted that
the overall diameters of vessels obtained from O3-exposed rats
(217 6 44 lm) were significantly smaller than the FA-exposed
control arteries (275 6 38 lm; Fig. 2A). Because the rats were
randomized upon delivery and the exposures were acute,
unlikely to induce remodeling, we examined more closely the
change in diameter from initial (pretone) mounting to the
complete development of resting tone. Here, coronary
arteries from O3-exposed rats displayed a greater change in
tone (34.3 6 12.6 lm) compared with FA-exposed controls
(9.4 6 8.7 lm; Fig. 2B). Thus, initial resting diameters of the
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FIG. 1. Induction of pulmonary inflammation and circulating neutrophilia by O3 exposure. O3 significantly induced bronchoalveolar lavage cellularity (A), neutrophil

count (B), and total protein (C). In addition, O3 induced a significant increase in the percentage of circulating neutrophils (NE) and macrophages (MO), but not lympho-

cytes (LY), eosinophils (EO), or basophils (BA) in whole blood analysis (D). Asterisks (*) indicate significant difference from FA control rats by unpaired Student’s t test

(P< .05; N¼ 5 per group for A and C; N¼3 per group for B and D).

FIG. 2. A, Baseline coronary artery internal diameter (I.D.) and B, percent increase in tone following isolation and mounting in vessels obtained from rats exposed to FA

or O3. Asterisks (*) indicate significant difference from FA control rats by unpaired Student’s t test (P< .05; N¼5–6 per group). C, Myogenic tone in coronary arteries did

not appear affected by O3 across luminal pressures ranging from 20 to 120 mmHg. No significant differences were noted by a 2-factor (pressure, exposure) repeated

measures ANOVA (N¼3 per group).
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vessels were not substantially different, but O3 exposure led to a
phenotype of enhanced basal tone during equilibration.
Myogenic tone in response to pressurization did not appear dif-
ferent between the FA- and O3-exposed rats across a range of
luminal pressures (20–120 mmHg; Fig. 2C).

Ozone Inhalation Enhances Constrictive Response to Serotonin
Coronary arteries from both FA- and O3-exposed rats were
treated with increasing concentrations of 5-HT (10�9–10�5 M),
leading to a concentration-dependent reduction in internal
diameter (Fig. 3A). This constriction was significantly enhanced
in coronaries from O3-exposed rats compared with coronaries
from FA-exposed rats. A 2-way repeated measures ANOVA
revealed a significant exposure effect of P< .001 and a signifi-
cant interaction between exposure and agonist of P¼ .0023,
with specific concentrations of 5-HT ranging from 10�6.5 to
10�5 M causing significantly greater constriction in the O3-
exposed coronaries as assessed by a Bonferroni multiple com-
parison test. EC50 values for 5-HT appeared relatively similar
between FA-exposed (�6.51 6 0.08 logM) and O3-exposed rats
(�6.61 6 0.09 logM).

This finding was tested in a second cohort wherein the
endothelium of mounted coronary arteries was disrupted by
gently rubbing the lumen with a coarse fiber of moose mane. In

endothelium-disrupted coronary arteries from both FA- and O3-
exposed rats, 5-HT responses were significantly enhanced com-
pared with endothelium-intact vessels (Fig. 3B). However, the
difference between exposure groups was no longer observed,
suggesting that the sensitizing effect of O3 on 5-HT-induced
constriction was endothelium dependent.

Ozone Impairs Dilatory Response to ACh via a Superoxide-Related
Mechanism
O3 exposure led to a substantial impairment in the vasodilatory
response to ACh. While FA control vessels responded to ACh
with an almost 100% reversal of the pre-constriction tone, coro-
nary arteries from O3-exposed rats exhibited little if any
response to this agonist (Fig. 4A). Cotreatment with polyethy-
lene glycol-superoxide dismutase (PEG-SOD) led to a partial
restoration of the dilatory response to ACh (Fig. 4B), and com-
bined PEG-SOD with CAT fully restored the dilation (Fig. 4C),
suggesting that superoxide is formed intracellularly and acts to
impair normal activation of the downstream dilatory pathways.
Lastly, we assessed the ability of apocynin, an NAPDH oxidase
inhibitor, to improve vasodilatory response to ACh. At a suffi-
cient concentration (100 lM, but not 30 lM), full vasodilation
was restored, suggesting that NADPH oxidase-derived radicals
may play a role in O3-induced endothelial dysfunction (Fig. 4D).

Ozone Inhalation Creates Serum Bioactivity That Impairs
Vascular Function
We have previously observed that serum, to which endothelial
cells are constantly in contact, from pollutant-exposed humans
and mice can cause bioactivity that negatively impacts endo-
thelial cells (Channell et al., 2012; Robertson et al., 2013). Here,
we luminally infused serum derived from FA or O3-exposed
(1 ppm� 4 h) rats into naı̈ve isolated coronary arteries (ie, coro-
naries were obtained from nonexposed rats) to test whether the
serum contents can diminish ACh-induced dilation. Following
luminal incubation for 30 min, we found that serum from FA-
exposed rats, diluted to 10% in PSS, had minimal effects on the
ability of the coronary artery to dilate in response to ACh.
However, a significant diminution in this response was
observed in the presence of serum from O3-exposed rats
(Fig. 5A). ACh EC50 values were significantly reduced in coro-
naries treated with serum from O3-exposed rats (�6.10 6 0.21),
compared with vessels perfused with serum from FA-exposed
rats (�6.42 6 0.09). Interestingly, we also noticed a general
increase in vascular tone upon infusion with the 10% serum (ie,
before ACh treatment), and ultimately this constriction was
greater in the presence of serum from O3-exposed rats than
serum from FA-exposed rats (Fig. 5B).

Ozone-Induced Serum Modifications May Impact NO Species
Bioavailability
Serum nitriteþnitrate levels were found to be significantly
reduced in O3-exposed rats compared with controls (Fig. 6A).
Previous studies with titanium dioxide nanoparticles suggested
that NO may be directly scavenged or consumed (Nurkiewicz
et al., 2009), thus we tested whether the serum itself following
O3 exposure could impact the bioavailability of NO using an
acellular EPR spin trap assay. Concentrations of FA- or O3-
exposed serum ranging from 0 to 6.67% in an iron-free media
were prepared and incubated with the NO donor, spermine
NONOate, for 10 min. NO concentrations were found to be sig-
nificantly reduced in the presence of serum from O3-exposed
rats compared with serum from FA-exposed rats (Fig. 6B). A
decreasing trend in NO concentrations with increasing

FIG. 3. A, Coronary artery constriction to serotonin (5-HT) is enhanced in rats

exposed to 1 ppm O3 for 4 h in endothelium-intact vessels (ANOVA interaction

P¼ .0023). B, This difference was abolished in endothelium-denuded coronary

arteries, suggesting that endothelial cells are the primary source of O3-induced

vascular dysfunction. Asterisks (*) indicate significant difference from FA control

rats by a repeated measures 2-way ANOVA with Bonferroni’s multiple compari-

son post hoc test (*P< .05, **P< .01, ***P< .001; N¼5–6 per group).
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FIG. 4. A, Coronary artery dilation to ACh is diminished in rats exposed to 1 ppm O3 for 4 h in endothelium-intact vessels (ANOVA interaction P< .0001). B, O3-induced

impairments in coronary artery dilation to ACh is partially restored by ex vivo treatment with superoxide dismutase (PEG-SOD; A, N¼4 per group; ANOVA interaction

P¼ .0382 comparing FA PEG-SOD vs O3 PEG-SOD). C, Addition of CAT fully restores normal vasodilation (N¼4 per group), suggesting that endothelial dysfunction is

related to endothelial ROS. D, O3-induced impairment of vasodilation was restored by treatment with 100 lM apocynin, suggesting that endothelial dysfunction may

be in part due to NADPH oxidase-derived ROS. Asterisks (*) indicate significant difference from FA control rats by a repeated measures 2-way ANOVA with Bonferroni’s

multiple comparison post hoc test (*P< .05, **P< .01, ***P< .001).

FIG. 5. A, Infusion of 10% serum (in PSS) from rats exposed to O3 into the lumen of isolated naı̈ve (unexposed) coronary arteries induced a significant impairment in

vasodilation to ACh compared with vessels infused with 10% serum from FA-exposed rats (ANOVA interaction P¼ .005). B, Similarly, the serum from O3-exposed rats,

in a 10% mixture with PSS, induced spontaneous constriction in naı̈ve coronary arteries that was significantly greater than that induced by serum from FA-exposed

rats (P< .05 by Student’s t test).
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percentage of serum was noted, suggesting that this assay may
be optimal with dilute serum (<10%), but the magnitude of
effect appeared consistent at several concentrations attempted.
The reduced NO concentrations may explain the loss of vasodi-
latory function in isolated vessels, owing to an increased scav-
enging of NO.

A biotin-switch assay was employed to explore whether spe-
cific proteins in the serum may be altered in concentration or
modified by exposure to become more potent at scavenging NO.
Figure 6C shows electrophoretically separated serum visualized
with biotin-labeling of nitrosylation sites, along with quantifica-
tion of specific bands (Fig. 6D). Overall, this assay confirms that
there is some potential for increased NO scavenging by thiol
groups, but it remains unconfirmed whether this change specif-
ically accounts for the coronary vasodilatory impairments aris-
ing from the serum.

DISCUSSION

Coronary vascular dysfunction occurs 24 h following exposure
to O3, an effect that appears to be driven at least in part by a cir-
culating factor or factors. Consistent with inhaled O3 impacts
on other vascular beds (Chuang et al., 2009; Robertson et al.,
2013), the principal dysfunction involves a loss of endothelial
function, assessed by vasodilatory response to ACh. Endothelial
oxidative stress appears central to this outcome, and is mecha-
nistically linked to the pathogenesis of vascular dysfunction fol-
lowing inhalation of numerous pollutants (Campen 2009;
Cherng et al., 2011; Nurkiewicz et al., 2010). Within the context of
the present experiment, we also observed that serum from O3-
exposed rats was able to partially recapitulate vasodilatory
impairments, even in a dilute application, suggesting that circu-
lating factors may directly interact with the endothelium to

manifest the reduced responsiveness to ACh. While the longer
range temporal dynamics of this response were not character-
ized, the present findings suggest that O3 can induce at least a
temporary window during which major coronary events may be
either more likely to occur or more severe, as a result of the
impaired endothelial function.

Whether or not O3 has an important cardiovascular effect in
the general population remains a matter of contention
(Campen, 2013). Recent animal studies clearly demonstrate vas-
cular dysfunction and pathology (Chuang et al., 2009; Robertson
et al., 2013), and other studies have shown cardiac effects (Farraj
et al., 2012; Tankersley et al., 2013; Wagner et al., 2014;
Watkinson et al., 2001). Nonvascular systemic effects of O3 inha-
lation have also been shown, including exacerbated liver injury
and metabolic dysfunction (Aibo et al., 2010; Sun et al., 2013).
However, a recent human exposure study failed to observe
endothelial dysfunction in a well-established experimental
model (Barath et al., 2013) and epidemiological reports are often
conflicting. Perhaps the most thorough account of the popula-
tion-level association revealed a 0.2–0.3% increase in daily car-
diovascular and respiratory mortality for every 10 ppb increase
in ambient O3 levels, an effect that persisted over a 2-day lag
(Bell et al., 2004). Similar outcomes have been noted in various
other epidemiological studies (Yan et al., 2013). However, when
multiple pollutants are included in models of associative com-
parisons, the impact of O3 on cardiac events (heart failure or
myocardial infarction) is often diminished relative to PM, oxides
of nitrogen (NOx), or other pollutants (Mustafic et al., 2012; Shah
et al., 2013). Unfortunately, while epidemiological studies are
unmatched for revealing the scope of the global health chal-
lenges, they provide little insight into mechanisms of action or
the temporal dynamics of complex exposures. O3 exhibits rela-
tively unique circadian trends compared with most other

FIG. 6. A, Serum levels of nitrate and nitrite from FA and ozone-exposed mice. B, Serum from O3-exposed rats exhibits a nitric oxide scavenging property as measured

by EPR. At varying concentrations in an iron-free culture media, significantly less nitric oxide (donated by spermine NONOate) could be measured in solutions with

serum from O3-exposed rats, as compared with serum from FA-exposed rats (N¼3 per exposure per concentration). However, the concentration of serum also

appeared to affect NO availability, indicating that optimal concentrations exist to delineate this effect. C, In addition, a biotin-switch assay was performed on the

serum, revealing numerous potential proteins that may contribute to the NO scavenging in O3-exposed rats (N¼4) compared with control rats (N¼ 3). D, Quantification

of biotin-switch assay. Bands between 75 and 100 kDa (band 2), 25 and 37 kDa (band 6), and at 25 kDa (band 7) indicate significant biotin-labeled nitrosylated sites in the

O3-exposed group compared to FA controls. Asterisks indicate significant difference by Student’s t test (*P< .05; **P< .001).
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pollutants, as PM, NOx, and carbon monoxide tend to peak dur-
ing high traffic volume hours, O3 is formed in the peak sunlight
hours and is derived from the NOx and volatile organic com-
pounds emitted from vehicular fossil fuel combustion.

Timing of exposure and endpoint assessment, along with
the concentration of O3, are essential factors in defining the
relevance of this study. In our studies, we found that the coro-
nary arteries from O3-exposed rats (1.0 ppm � 4 h) displayed a
significant increase in tone 24-h postexposure, and prior to the
application of any specific agonist (Fig. 1). This observation is
similar to seminal vascular tone research by Brook et al. (2002)
in humans exposed to combined PM and O3. Subsequent studies
have elucidated a predominant role for PM in driving such
effects, not O3, but dose may be a likely factor. Moreover, com-
bined dose of PM and O3 may be additive or synergistic. Another
recent human exposure study by Barath et al. (2013) failed to
observe acute vascular effects of O3 at 0.3 ppm for 2 h (Barath
et al., 2013). However, in both of these studies, a second-day
assessment (ie, 24–48-h postexposure) was not conducted,
whereas most rodent research has shown vascular effects at
�24-h post-O3 exposure. Recent studies with episodic O3 expo-
sure noted a delayed hyperthermic, potentially inflammatory,
response in rats, which persisted �48 h after exposure (Gordon
et al., 2014). In addition, Chuang et al. (2009) observed impaired
endothelial-dependent vasorelaxation in aortic rings of mice
following a repeated exposure (5 days) at a lower level of O3

(0.5 ppm), suggesting that acclimation/adaptation may not
occur with regard to this vascular effect. We suspect that,
despite the rapid scavenging of O3 in the lung, persistent effects
may be observed both in the airways and systemically due to
secondary and tertiary metabolites and inflammation.

Our findings of impaired endothelial response to agonists
are consistent with findings of diesel emissions exposure from
our laboratory and others (Cherng et al., 2009, 2011; Hansen
et al., 2007; Mills et al., 2011). In follow-up studies, diesel-induced
vascular impairments appeared related to dysfunctional eNOS
(Knuckles et al., 2008). Antioxidant treatment of vessels
improved eNOS and dilatory function, and in situ examination
of oxygen radicals by dihydroethidium suggested that eNOS
itself becomes a superoxide generator, likely owing to uncou-
pling of the protein dimer (either physically or electrochemi-
cally; Cherng et al., 2011). Thus, inhibition of eNOS actually
improved vasodilation (via alternate cyclooxygenase pathways).
In this study with O3, the improvement in dilation due to SOD,
SOD/CAT, and apocynin are consistent with an uncoupled eNOS
and/or scavenging of free NO; thus, more specific studies need
to be conducted to better understand the upstream circulating
factors and downstream signaling that drive vascular dysfunc-
tion following O3 inhalation.

In addition to intracellular redox alterations that can impair
eNOS function, loss of NO bioavailability and possibly NO scav-
enging (Fig. 6) by the serum following inhaled O3 may augment
vasomotor dysfunction. Reductions in overall NOx levels sug-
gest either a global reduction in eNOS activity or an increased
scavenging or consumption of NO species. This observation is
consistent with a study on the impact of O3 exposure on exer-
cise in rats, wherein O3 diminish plasma NOx levels in resting
and exercising groups (Martinez-Campos et al., 2012). Mice lack-
ing eNOS have reduced circulating NOx and are more prone to
vasomotor impairment. In a chimeric model of eNOS deletion
specific to erythrocytes (and all bone marrow-derived cells),
plasma NOx was reduced and greater severity of infarct pathol-
ogies were noted (Merx et al., 2014; Wood et al., 2013).
Investigating the overall protein composition of the serum,

several bands containing nitrosylation sites appeared to be
enhanced after O3 inhalation, which may explain the scaveng-
ing of free NO. Whether such alterations would also be observed
in interstitial fluid, where interception of NO transiting through
the myoendothelial cleft would be postulated to impair smooth
muscle relaxation remains unclear. In addition, loss of NO bioa-
vailability in the serum may also be mediated by enzymes such
as peroxidases, rather than thiol-binding (Rees et al., 2014), and
myeloperoxidases have been previously documented in the vas-
culature of PM-exposed rodents (Nurkiewicz et al., 2006). NO
scavenging in the serum may have a greater impact on platelet
activation and coagulative events than on vasodilation, but this
was beyond the focus of this study. These assays related to NO
bioavailability are observational in nature, and further biomo-
lecular studies will be needed to verify a role for this mecha-
nism in vivo.

O3 concentrations used in rodent studies are frequently
higher than that used in human studies, owing to a well-
documented species insensitivity (Tsujino et al., 2005; Wiester
et al., 1996a, b). For one, the nares of the rat are far more com-
plex in the obligate nasal-breathing rodents, allowing for
greater initial scavenging of the highly reactive O3 (Tsujino et al.,
2005). In addition, the lung surfactant chemistry of the rodent is
different, with greater levels of antioxidants (Wiester et al.,
1996b). Using radiolabelled (18O) O3, pulmonary uptake has been
shown to be greater in humans than rats, as were markers of
toxic effects (Hatch et al., 1994). Thus, the use of the 1 ppm con-
centration for this study is considered a moderate level for
rodent studies, as it causes a mild pulmonary inflammation
that would likely be observed in humans breathing 0.3–0.4 ppm
O3 (Hatch et al., 1994). Indeed, Devlin et al. (2012) show compara-
ble airway neutrophilia, along with circulatory changes, in
humans exposed to 0.3 ppm O3.

The nature of the bioactive serum factor(s) remains
unknown. Several recent studies have addressed the composi-
tion of plasma following O3 exposure, with largely negative
results. Kadiiska et al. (2013) conducted an extensive panel of
assays for oxidation products, including malondialdehyde,
F2-isoprostanes, 15-HETE, and protein carbonyls, but found no
significant changes at 2, 7, or 16-h postexposure. In human
exposures, Barath et al. (2013) observed no O3 exposure-related
trends for TNF a, IL-6, CD40, soluble P-selectin, or soluble ICAM-
1. However, 18O-labeled O3 studies recently were conducted by
Hatch et al. (2013) demonstrating that plasma-borne 18O concen-
trations peaked at 7-h postinhalation, with very little 18O
observed at 2 h post, suggesting some complexity to the reac-
tions and uptake beyond that of simple passive diffusion. With
18O levels restored to baseline at a 16 h time point, these find-
ings do not seem to explain this study outcomes of serum bioac-
tivity, but overall it is clear that a temporally complex chemistry
occurs in the circulation following inhalation of a gas too reac-
tive to penetrate beyond 0.1 mm of the airway epithelial lining
fluid (Postlethwait et al., 1994; Pryor 1992). In parallel research,
we have observed that the serum factor(s) arising from O3 inha-
lation appear to act through vascular CD36 receptors, but the
generation of these unknown factors is not dependent on the
presence of CD36 or pulmonary inflammation (Robertson et al.,
2013).

In conclusion, O3 inhalation led to significant per-
turbations of rat coronary vascular function, characterized by
increased constrictive responses to serotonin and diminished
vasodilation to ACh, which appeared related to intracellular
redox disturbances. Our ex vivo experiments with serum from
exposed rats reveal a bioactivity conferred to the circulatory
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milieu, which may explain the present extrapulmonary find-
ings, as well as shed light on the mechanisms underlying cardi-
ovascular morbidity from inhaled pollutants. These findings
further provide biological plausibility for epidemiologically
observed cardiovascular morbidity and mortality resulting from
O3 exposure in large populations. Further research into the
compositional alterations of the circulation resulting from O3

inhalation, and the altered capacity for scavenging bioavailable
NO, will further inform the systemic pathobiology.
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