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Abstract

Air pollution is a diverse and dynamic mixture of gaseous and particulate matter, limiting our 

understanding of associated adverse health outcomes. The biological effects of two simulated 

smog atmospheres (SA) with different compositions but similar air quality health indexes were 

compared in a non-obese diabetic rat model (Goto-Kakizaki, GK) and three mouse immune 

models (house dust mite (HDM) allergy, antibody response to heat-killed pneumococcus, and 

resistance to influenza A infection). In GK rats, both SA-PM (high particulate matter) and SA-O3 

(high ozone) decreased cholesterol levels immediately after a 4-hour exposure, whereas only SA-

O3 increased airflow limitation. Airway responsiveness to methacholine was increased in HDM-

allergic mice compared with non-allergic mice, but exposure to SA-PM or SA-O3 did not 

significantly alter responsiveness. Exposure to SA-PM did not affect the IgM response to 

pneumococcus, and SA-O3 did not affect virus titers, although inflammatory cytokine levels were 

decreased in mice infected at the end of a 7-day exposure. Collectively, acute SA exposures 

produced limited health effects in animal models of metabolic and immune diseases. Effects of 

SA-O3 tended to be greater than those of SA-PM, suggesting that gas-phase components in 
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photochemically-derived multipollutant mixtures may be of greater concern than secondary 

organic aerosol PM.

Graphical Abstract

Introduction

Although air pollution toxicology has largely focused on assessments of individual air 

contaminants, the public is exposed to complex mixtures of pollutants with poorly-defined 

contributions to human health effects1. In 2004, the National Research Council (NRC) 

recommended the modification of air quality management practices to evaluate 

multipollutant mixtures including photochemical atmospheres2–5. Assessment of complex 

multipollutant mixtures is needed to better characterize health impacts of real-world 

exposures, identify sources for the most harmful pollution emissions, and enable more 

effective management of air quality6. Photochemical smog generation occurs when nitrogen 

oxides and volatile organic compounds (VOCs) combine in the presence of ultraviolet 

radiation, forming ozone (O3), nitrogen dioxide (NO2), secondary organic aerosols (SOAs), 

peroxyacetylnitrate and thousands of other compounds7. The health effects of photochemical 

smog include eye irritation, respiratory irritation, airway inflammation, and increased 

incidence of asthma attacks8, 9. These symptoms are more severe in children, the elderly and 

those individuals with pre-existing cardiovascular and respiratory complications. Exposure 

to oxidant air pollutants may alter immune responses and increase severity of respiratory 

viral infections10, 11. Recent studies have also reported that acute exposure to high O3, a key 

component of photochemical smog, can lead to metabolic impairment in animal models and 

humans12–14.

The principal constituents of smog such as O3, NO2, and SOA particulate matter (PM) may 

exist in differing relative concentrations as a result of regional-specific geographic and urban 

environment characteristics. Previous studies have modeled photochemical reactions using 

irradiated mixtures of hydrocarbons such as α-pinene or toluene, nitrogen oxides, and sulfur 

dioxide (SO2) in rats and mice, and generally found limited effects on cardiopulmonary and 

vascular markers15, 16. Here, we generated simulated smog atmospheres (SAs) in a 

photochemical reaction chamber, which allows precise control of atmospheric conditions. 

Our objective was to study the health effects of SA mixtures with different ratios of criteria 

pollutants generated from ultraviolet (UV) irradiation of hydrocarbon mixtures combined 
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with nitric oxide (NO). Toxicological effects were evaluated in animal models of metabolic 

and immune disease representative of susceptible populations.

To objectively compare health effects of disparate SAs, two air quality indices were 

considered. The U.S. EPA Air Quality Index (AQI) is scaled from 0 to 500, where 100 

typically corresponds to the national air quality standard for each pollutant17. AQI values 

>500 cannot be determined when pollutant concentrations exceed certain limits. Differing 

air quality standard averaging times determine pollutant concentrations used in the AQI, 

which is nonlinear with respect to pollution levels. Community AQI is determined by the 

highest individual air quality standard, and does not consider the possibility of health risks 

driven by multipollutant mixtures. In contrast, Health Canada’s Air Quality Health Index 

(AQHI) quantifies health risk based on combined 3-hour average concentrations of O3, NO2, 

and PM2.5
18. AQHI values range from 1 (low risk) to 10 or higher (very high human health 

risk), and the equation for AQHI (see supporting information) allows index values >10. The 

ability to predict health risk at high pollutant levels using a single equation incorporating 

multiple criteria air pollutants led us to choose AQHI over AQI to compare health effects of 

complex multipollutant SAs. Our strategy was to generate SAs with very high but equivalent 

AQHI values driven by increased O3 (SA-O3) or PM2.5 (SA-PM). These acute inhalation 

exposure studies were designed to investigate which dominant source profile has the greatest 

impact in animal models representing metabolic impairment, allergic asthma, response to 

immunization, or resistance to infection. Pulmonary and systemic health effects were 

examined in a metabolically-impaired, Type II diabetic rat model. Effects on allergic 

responses to house dust mite (HDM), the humoral response to immunization with heat-killed 

Streptococcus pneumoniae (HKSP), and resistance to influenza A (H1N1) infection were 

examined in mice. We hypothesized that exposure to simulated SAs would exacerbate health 

outcomes in these models of disease which would vary depending on source profile.

Materials & Methods

Generation of Simulated Smog Atmospheres

A 14.3 m3 Teflon-coated stainless-steel mobile reaction chamber (MRC) incorporating 60 

UVB and 60 sunlamps provided 300–400 nm radiation for reacting hydrocarbon mixtures. 

Details of chamber operation, sampling, and analysis are provided in Krug et al. in this 

issue19. Briefly, steady-state atmospheres were generated in the MRC by injecting gasoline 

(EPA Tier 3 standard, Southwest Research Institute, San Antonio, TX), NO, ammonium 

sulfate (acting as a seed aerosol for particle growth) and a supplementary biogenic 

component (α-pinene to promote enhanced SOA generation in SA-PM or isoprene to 

promote enhanced O3 formation in SA-O3). Atmospheres were delivered to 180 L Hinners-

type chambers for whole-body rat and mouse exposures, in which animals were housed in 

stainless-steel individual compartments.

Rat Diabetic Model

All experimental protocols involving laboratory animals were approved by the U.S. EPA 

Institutional Animal Care and Use Committee. Animals were maintained in AAALAC-

accredited animal facilities. Adult (15–16 weeks old, 320 ± 17 g) male Goto-Kakizaki (GK) 
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rats, a non-obese Type II diabetic rat model (Charles River Laboratories, Inc., Raleigh, NC), 

were housed individually in polycarbonate cages and received food (Rodent Chow 5001: 

Ralston Purina Laboratories, St. Louis, MO) and water ad libitum. Rats (n=6/group) were 

exposed to filtered air, SA-PM, or SA-O3 4 h/d for 1 or 5 consecutive days to examine 

pulmonary and metabolic effects (Figure 1A).

In the 5-day exposure groups, whole-body plethysmography (WBP) was conducted to 

measure breathing parameters in unanesthetized unrestrained rats, which were analyzed with 

EMKA iox2 software (SCIREQ, Montreal, Canada). Breathing frequency, tidal volume, 

relaxation time, and minute volume were assessed, along with enhanced pause (Penh), a 

dimensionless index of airflow limitation calculated from relaxation time, peak pressures 

during inhalation and exhalation, and expiratory time20. WBP measurements (5 min) were 

taken pre-exposure (baseline) and immediately following the 1st, 2nd, and 4th exposures. 

Tests indicative of metabolic dysfunction, including glucose tolerance testing (GTT) 

conducted immediately following WBP measurements, and insulin tolerance testing (ITT) 

conducted after the 3rd exposure day, were performed according to established protocols21 

with minor alterations as detailed in the supporting information.

Rats were euthanized immediately following the 1st or 5th exposures with an overdose i.p. 

injection of sodium pentobarbital (> 200 mg/kg). Metabolic markers (HDL, LDL, and total 

cholesterol, and triglycerides) were measured in serum as previously described22. Plasma 

was collected in EDTA tubes and used to determine complete blood counts (CBC) using a 

Beckman-Coulter AcT blood analyzer (Beckman-Coulter Inc., Miami, FL). Bronchoalveolar 

lavage fluid (BALF) was collected and used to determine total cell counts, cell differentials, 

and the following lung injury markers: lactate dehydrogenase (LDH), protein, albumin, γ-

glutamyl transferase (GGT), and N-acetyl-β-D-glucosaminidase (NAG), as previously 

described21, 23.

Mouse HDM Allergy Model

Female BALB/cJ mice (7 weeks old, 18–21 g, Jackson Laboratories, Bar Harbor, ME) were 

housed 4/cage and food and water were provided ad libitum. On days 1 and 8 of the 

protocol, allergic groups were sensitized with 0.7 μg HDM extract (Dermatophagoides 
pteronyssinus, Greer Laboratories, Lenoir, NC) administered intranasally in 50 μL saline, 

while non-allergic groups received saline vehicle only. On day 21, all mice were challenged 

intranasally with 0.7 μg HDM (Figure 1B). Healthy and HDM-sensitized (allergic) mice 

(n=8/group) were exposed 4 h/d for 1 d (day 22) or 5 d (days 18–22) to filtered air, SA-PM, 

or SA-O3. Responsiveness to methacholine (MCh) aerosol and BALF parameters were 

measured 2 d after HDM challenge (day 23).

One day after exposure, mice were anesthetized with urethane (1 g/kg i.p.), tracheotomized 

and mechanically ventilated at a rate of 150 breaths/min, tidal volume of 10 ml/kg and 

positive end-expiratory pressure of 2.5 cm H2O with a small animal ventilator (flexiVent; 

Scireq, Montreal, Canada). Ventilated mice were injected i.p. with pancuronium bromide 

(0.08 mg/kg) to eliminate skeletal muscle movement. Lung resistance (R) assessing total 

airway constriction, and elastance (E) assessing elastic rigidity of the lungs, were 

determined during individual breaths with a single forced oscillation over 1 s (“snapshot” 
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maneuver). Three separate baseline measurements were acquired, followed by aerosolization 

of saline, and then increasing concentrations of MCh (5, 10, 20 and 40 mg/mL) were 

nebulized for 10 s into the airways, and 12 snapshot maneuvers were performed over 3 min 

after each nebulization. Acceptable snapshot values (goodness of fit >90%) were averaged 

for baselines and each dose.

Fully anesthetized mice were exsanguinated via cardiac puncture, the left lung was clamped, 

and the right lobes were lavaged in situ with HBSS (3 × 0.6 mL). BALF cell numbers and 

differential cell types were determined as previously described24. BALF supernatant was 

assessed for lung injury markers as described for the rat diabetic model. Left lung lobes 

were inflated at 20 cm pressure with 10% neutral buffered formalin. Fixed tissues were 

paraffin-embedded, sectioned at 5 μm, and stained with hematoxylin and eosin for 

histopathologic evaluation. A transverse section of each left lung lobe was evaluated by light 

microscopy using established pathologic criteria by a board-certified pathologist.

Mouse HKSP and Influenza A Models

Female BALB/cJ mice (6–8 weeks old, 18–21 gm, Jackson Laboratories) were housed in 

isolator cages supplied with fresh air from a HEPA filter system. Mice (n=10/group) were 

immunized or infected either immediately before the first (D1) or the last (D7) of 7 daily 4 h 

exposures to SA-PM (HKSP model) or SA-O3 (influenza A model). Resource and technical 

issues prevented us from assessing both atmospheres in each model. This design was 

intended to model scenarios in which antigen or virus was introduced into an 

immunologically intact (D1 groups) or potentially immunocompromised (D7 groups) host. 

Mice were euthanized seven days after immunization or infection to assess the antibody 

response to immunization or clearance of virus from the lungs, respectively (Figure 1C). 

Body and lung lobe weights were recorded at necropsy, and BALF was collected and 

analyzed as described for the allergic response study.

Heat-killed S. pneumoniae (HKSP, Invivogen, San Diego, CA) was suspended in sterile 

pyrogen-free USP saline at a concentration of 8×108/mL. Mice were injected i.p. with 2×108 

organisms in 0.25 mL to stimulate antibody responses to the T cell-independent antigen 

phosphorylcholine (PC), a component of the cell wall C-polysaccharide25. T helper cell-

independent antibody titers to HKSP, critical to early resistance to S. pneumoniae 
infection26, were determined using an ELISA assay developed in-house, as detailed in the 

supporting information.

BSL2/ABSL2 procedures were followed when infecting and working with influenza-

infected animals. Mice were infected as described by Foster et al.27, with minor 

modifications. Animals were anesthetized using isoflurane, and a 50 μL aliquot of sterile 

saline containing an estimated 300 plaque-forming units of influenza A virus (A/Puerto 

Rico/8/1934 (H1N1), BEI Resources, NR-28652) was deposited in the oropharyngeal cavity. 

Body weights were recorded daily beginning the day before infection and at necropsy and 

used to calculate body weight gain or loss over the course of infection. Virus burdens were 

estimated using real time quantitative polymerase chain reaction (qPCR) to detect copies of 

H1N1 polymerase acidic protein based on a method described previously28 (see supporting 

information). Relative expression of selected cytokine and chemokine genes were measured 
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in the same lobes used to estimate virus burdens. Cytokine gene expression was assessed 

using commercial or synthesized primers and probes and quantified as Ct values determined 

using ABI 7900 real-time PCR System with SDS software 1.3.1. Change in expression was 

calculated using the 2−ΔΔCt method after normalization to 18S mRNA. Ct values for exposed 

groups were normalized to their respective (D1 or D7) air-exposed control groups.

Statistical Analysis

Prism v. 6.0 (GraphPad Software, San Diego, CA) was used for statistical analyses of mouse 

allergy and rat studies. Rat plethysmography data was analyzed using repeated measures 

two-way ANOVA and Holm-Sidak post-hoc test. Mouse allergy model data were analyzed 

by two-way ANOVA and Tukey post-hoc test. Other rat data were analyzed using an 

unpaired t-test for each time point and atmosphere. Differences in allergy model lung lesion 

incidence between groups were evaluated using Fisher’s Exact Test. For HKSP and virus 

models, SigmaPlot v. 13 (Systat Software, San Jose, CA) was used to perform two-way 

ANOVA followed by Holm-Sidak post-hoc test. All results were considered significant at 

P<0.05.

Results

SA Characterization

Measured concentrations of O3, NO2, and PM2.5, along with calculated AQHI values are 

shown for each animal model, exposure type and duration in Table 1. For all exposures, SA-

PM averaged 4.2 times more PM2.5 than SA-O3, while SA-O3 averaged 3.7 times more O3 

and 2.4 times more NO2 than SA-PM. AQHI values for all exposures averaged 100, and for 

each animal model there were no significant differences in AQHI between SA-PM and SA-

O3. Air control chamber O3, NO2, and PM2.5 concentrations averaged less than 2 ppb, 1 

ppb, and 16 μg/m3, respectively, and relative humidity (35–45%) and temperature (72–

76 °C) were equivalent for all atmospheres (data not shown).

Rat Diabetic Model

Respiratory parameters were measured using a whole-body plethysmography system to 

determine the effect of 5 days exposure to SA-PM or SA-O3 on pulmonary function in the 

GK rat model. No changes were detected in Penh (index of airflow limitation, Figure 2A), 

relaxation time, breathing frequency, minute volume, or tidal volume (data not shown) 

following exposure to SA-PM. However, SA-O3, which had higher levels of gaseous 

pollutants, led to increases in Penh (Figure 2B) after days 1 and 2 of the exposure, as well as 

decreases in relaxation time after day 1 of exposure. All other pulmonary functions 

endpoints were unaffected by SA-O3 (data not shown).

With the exception of a slight decrease in total cells and macrophages following a 5-day 

exposure to SA-PM, no changes were noted in the number of BALF inflammatory cells 

following exposure regardless of atmosphere or time point (Figure S1). Moreover, although 

increased BALF protein levels in GK rats approached statistical significance (p=0.0554) 

following a 1-day exposure to SA-O3, neither atmosphere resulted in significant changes to 
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biomarkers of pulmonary injury, including LDH, GGT, and NAG activities, or albumin and 

protein levels at either time point (Figure S2).

We have previously demonstrated that O3 exposure causes metabolic impairment as 

indicated by elevated circulating total cholesterol, hyperglycemia, and glucose intolerance in 

healthy rats21. In the present study, a single exposure of GK rats to SA-PM resulted in 

significant decreases in HDL, LDL, and total cholesterols as well as triglyceride levels, 

while exposure to SA-O3 led to a decrease in LDL cholesterol (Figure 3). All metabolic 

markers returned to baseline levels following 5 days of exposure to SA, indicating an 

adaptive response to the SAs. No changes were observed in hyperglycemia, glucose 

intolerance, or insulin intolerance following 1 to 4 days exposure to either SA (Figure S3). 

Furthermore, measurements of hematological parameters, platelets, and white blood cell 

profiles showed no significant changes regardless of exposure or time point (Table S1).

Mouse HDM Allergy Model

Lung mechanics were assessed in mice 1 day after a 5-day exposure (4 h/d) to SA-PM or 

SA-O3. HDM-allergic mice were hyperresponsive to inhaled MCh compared with non-

allergic mice (Figure 4). In HDM-allergic mice exposed to SA-PM, total lung resistance 

(Figure 4A) and elastance (Figure 4B) were significantly greater than responses in non-

allergic SA-PM-exposed mice at the three highest doses of MCh. Compared with SA-PM, 

exposure to SA-O3 produced fewer significant increases in resistance and elastance in 

HDM-allergic mice compared with non-allergic mice (Figure 4C, 4D). Overall, however, 

there were no significant differences in resistance or elastance between air or SA exposures 

in either HDM-allergic or non-allergic mice. Similarly, no changes in lung mechanics were 

observed 1 day after a single 4 h exposure to SA-PM or SA-O3 (data not shown).

BALF protein levels (indicative of lung injury) were significantly increased in HDM-allergic 

mice exposed for 5 d to SA-O3 in comparison with non-allergic mice exposed to air or SA-

O3, and were increased 35% (P=0.10) compared with air-exposed allergic mice (Figure S4). 

No significant changes were observed after a single exposure to SA-O3, or after 1 or 5 d 

exposure to SA-PM. Albumin, LDH, and NAG were not significantly affected by SA-PM or 

SA-O3 exposure in either HDM-allergic or non-allergic groups (Figure S5). Similarly, no 

significant changes were observed in numbers of BALF macrophages or neutrophils within 

the treatment groups following exposure to either SA (Figure S6). Significant increases in 

BALF eosinophils were noted within HDM-allergic mice when compared to their non-

allergic controls regardless of exposure.

Independent of SA treatment, allergic sensitization resulted in an increased incidence of 

mixed cell inflammation in perivascular, peribronchiolar, and alveolar regions. Inflammatory 

cells included eosinophils, neutrophils, lymphocytes, macrophages, and in some cases rare 

multinucleated giant cells (Table S2). Other allergic changes included increased incidence of 

mucus within bronchiolar airways and mucous cell metaplasia/hyperplasia of the 

bronchiolar epithelium. Five days of exposure to SA-PM exposure produced an increased 

incidence of scant intracytoplasmic brown to black particles <2 μm in diameter within 

alveolar macrophages (Figure S7). In comparison to SA-PM and air-exposed mice, 5 days of 

exposure to SA-O3 produced a higher incidence of minimal to mild mixed cell inflammation 
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(mainly perivascular) in the lungs of non-allergic mice (Table S2 and Figure S8). However, 

there were no significant differences in inflammation, mucus production, lymphoid 

hyperplasia, or other histopathological changes among HDM-allergic mice exposed to either 

SA in comparison to air controls.

Mouse HKSP Immunization Model

Immunization with HKSP generated T-independent anti-PC IgM antibody responses which 

were not affected by SA-PM exposure, nor was body weight affected in mice immunized on 

the first or last of the 7 exposure days (Table S3). BALF markers of inflammation and lung 

injury in immunized mice were comparable to historical control values and unaffected by 

SA-PM exposure.

Mouse Influenza A Infection Model

Compared with HKSP immunization, oropharyngeal aspiration of influenza A (IA) 

produced large increases in BALF markers of lung injury (LDH and protein ~5× higher) and 

inflammation (total cells ~10× higher) in all groups of mice, but there were no significant 

differences among infected mice due to exposure (air or SA-O3) or timing (D1 vs. D7) of 

infection (Table S3). Differences in body and lung lobe weights were found which were 

dependent on timing of infection. Copy number of H1N1 polymerase acidic protein gene/ng 

of total RNA were similar in mice exposed to filtered air or SA-O3 for 7 days, regardless of 

whether infection occurred prior to D1 or D7 of exposure (Figure 5A). Significant 

interactions in the expression of cytokine and chemokine genes occurred between the timing 

of infection and SA-O3 exposure (Figure 5B). An overall reduction in inflammatory 

cytokine gene expression was observed in mice infected on D7 of exposure to SA-O3, 

suggesting that 7 days of exposure to the O3-enriched SA inhibited the expression of genes 

that play a critical role in the inflammatory response to the virus. This reduction in 

inflammatory cytokine gene expression was statistically significant for Cxcl2 (chemokine 

(C-X-C motif) ligand 2), also known as macrophage inflammatory protein 2-alpha.

Discussion

This study was conducted to investigate the effects of two SAs with different compositions 

but similar air quality health indices (AQHI) in rodent models of susceptible populations. 

Our major findings are that: (1) a single exposure to SA-O3 led to increases in indices of 

airflow obstruction in the GK rat model, including Penh at 1 and 2 days post-exposure, and 

decreased relaxation time, and also led to decreases in LDL cholesterol, while SA-PM did 

not affect lung function, but did reduce HDL and LDL cholesterol and triglyceride levels; 

(2) airway resistance and elastance were equivalent in HDM-allergic mice exposed to SA-

PM and SA-O3, while a trend for increased BALF protein was only observed in HDM-

allergic mice exposed to SA-O3; and (3) decreases in expression of pro-inflammatory genes 

(significant for Cxcl2) were observed after a 7-day exposure to SA-O3 in mice infected with 

influenza A (H1N1) on the final day of the exposure. Overall, these findings suggest that 

exposure to high-ozone smog may alter metabolic, pulmonary, and immune responses in 

susceptible populations.
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In the non-obese Type II diabetic GK rat model, the index of airflow obstruction Penh was 

only increased following exposure to the ozone-enriched atmosphere (SA-O3). This finding 

is supported by previous studies which demonstrated an elevation in Penh levels following 

exposure to single gaseous-pollutant atmospheres such as O3 and acrolein29–31. Penh levels 

returned to baseline following the 4th consecutive day of exposure, indicative of an 

adaptation response common with repeated O3 exposures32–34. The changes noted in these 

breathing parameters are similar to those observed following O3 exposure, suggesting that 

Penh and relaxation time may be particularly sensitive indicators of adverse pulmonary 

responses following smog exposure.

In contrast to prior studies showing metabolic impairment after exposure to high O3 (800–

1000 ppb) levels12, 14, neither SA-PM nor SA-O3, each of which contained much lower 

concentrations of O3, acrolein, and PM than those used in prior single-pollutant 

studies12–14, 29–31, induced hyperglycemia, glucose intolerance, or insulin resistance 

following exposure in the diabetic GK model. Exposures to either SA for 1 day resulted in 

slight decreases in serum cholesterol and triglyceride levels in GK rats. These findings 

contrast with prior studies where cholesterol and triglyceride levels increased after exposure 

to O3 or acrolein at higher concentrations than those noted in the SA in healthy and diabetic 

rat models21, 31. Exposure to single pollutants such as O3 also has been shown to decrease 

circulating white blood cell and lymphocyte numbers35, whereas no changes in these 

parameters were noted after exposure to SA-PM or SA-O3 in GK rats. Collectively, these 

data demonstrate that systemic responses to these relatively lower level multipollutant 

mixtures may differ from single pollutant exposures at high concentrations, regardless of 

atmosphere composition.

The HDM allergic airways disease model, in which mice are exposed to a common human 

allergen implicated in the development of asthma, has been used in prior studies examining 

the interactions of air pollution and allergens36. This model exhibits features of human 

allergic asthma, including airway hyperresponsiveness and increased BALF eosinophils and 

allergy-related cytokines. Since HDM allergy induces airway hyperresponsiveness to MCh 

aerosol, we hypothesized that exposure to airway irritants in SA may further increase lung 

airflow resistance in this model. Overall, MCh responsiveness in HDM-allergic mice was 

not significantly different among groups exposed to either SA or to air alone, indicating that 

the particular combination and concentrations of pollutants in these atmospheres did not 

further enhance irritant airway responses. Ozone concentrations in SA-O3 averaged 376 ppb 

for all exposures, and 1 or 5 days of exposure did not induce hyperresponsiveness in either 

control or HDM-allergic mice, while O3 at 2000 ppb for 3 h induced MCh 

hyperresponsiveness in rats37 and mice38 suggesting O3 at a lower concentration was not 

sufficient to induce hyperresponsiveness even in combination with the other pollutants found 

in the SAs. Exposure of mice to isoprene-ozone oxidation products induced airway irritation 

and airflow limitation in mice, although at much higher initial isoprene and ozone 

concentrations than used in the present study39, 40. Greater sensitivity of the GK rat model in 

detecting airway responses compared to the mouse HDM allergy model may be due to 

differences in methodology. Rats were tested by WBP which detects changes in respiratory 

pattern in the entire respiratory tract including the nose, while mice were tested under 
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controlled lung ventilation, which omits contributions of the nasal passages to airflow 

obstruction.

The increased incidence of intracytoplasmic particles within the macrophages observed 

following SA-PM exposure is indicative of particle phagocytosis, consistent with previous 

studies utilizing PM24. Non-allergic mice exposed to SA-O3 for 5-days had an increased 

incidence of perivascular mixed cell inflammation, although this effect was masked in SA-

O3-exposed allergic mice. A trend for increased BALF protein levels in HDM-allergic mice 

exposed for 5 days to SA-O3 provided evidence of epithelial or endothelial barrier 

dysfunction and vascular leakage. This finding is consistent with effects in rats exposed to 

0.8 ppm O3 for 4 h, which had both increased neutrophils and protein in the lung fluid41. 

Overall, these findings suggest the alterations in pulmonary mechanics or injury within the 

allergic asthma mouse model depend upon the atmospheric composition.

Two separate models of immune function were included in this series of studies that 

assessed separate, but related, homeostatic processes. The T-independent antibody response 

was assessed in mice exposed to SA-PM, while resistance to influenza A infection was 

assessed after exposure to SA-O3. Since mice lacking T helper cells do mount a protective T-

independent antibody response when infected with influenza A42, there is a functional 

continuity between the assays. There was no effect of SA exposure on apical measures of 

host immunocompetence (IgM antibody titers to HKSP or virus burdens), although exposure 

to SA-O3 (averaging 376 ppb O3) did affect Cxcl2 expression, and tended to inhibit the 

expression of other key inflammatory response genes (Figure 5). Others have reported that 

exposure to 500 ppb O3 reduced the severity of influenza infection and distribution of virus 

in the lung without altering virus burdens43, 44. Suppression of the anti-viral immune 

response (T and B cells, specific antibody titers) was suggested as a possible factor in 

reducing the severity of infection44. Our cytokine gene expression data are consistent with a 

role for O3 in reducing the response to infection.

In summary, complex multipollutant mixtures were generated by photochemical reactions of 

gasoline mixed with α-pinene or isoprene, NO, and ammonium sulfate to produce SA-PM 

dominated by secondary organic aerosol-based PM, and SA-O3 dominated by O3 and NO2. 

These atmospheres produced few short-term health effects in animal models of metabolic 

and immune diseases, although greater responses were found with SA-O3 in respiratory 

responses of GK rats, BALF protein in mice, and inflammatory cytokine depression in mice 

exposed to influenza A virus. Additional studies are needed to characterize photochemical 

smog exposures which result in metabolic, cardiopulmonary, and immune dysfunction.

Supplementary Material
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Figure 1. 
Experimental designs for studies examining effects of simulated smog atmospheres (SA) on 

animal models of metabolic and immune disease. (A) GK rats were exposed for 4 h to either 

SA-PM (high PM) or SA-O3 (high O3) for 1 d (solid bar) or 5 d (solid and striped bars). Rats 

exposed for 5 d were assessed for pulmonary function (P), glucose tolerance testing (G), and 

insulin tolerance testing (In) immediately after exposure on indicated days. Rats were 

necropsied (N) immediately after 1 or 5 d of exposure. (B) Balb/cJ mice were sensitized (S) 

and challenged (Ch) with HDM on indicated days. Mice were exposed for 4 h to either SA-

PM or SA-O3 for 1 d (solid bar) or 5 d (solid and striped bars). One day after the final 

exposure, mice were assessed for airway responses to methacholine challenge and 

necropsied (N) to assess allergic endpoints. (C) The immune response to heat-killed 

Streptococcus pneumoniae (SP) was tested in Balb/cJ mice exposed for 7 d (4 h/d) to SA-

PM, and the response to influenza A (IA) infection was tested in mice exposed for 7 d (4 

h/d) to SA-O3. Mice were immunized with SP or infected with IA immediately prior to the 

first or last day of SA exposure, and all mice were necropsied (N) 7 d after immunization or 

infection.
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Figure 2. 
SA-O3 alters pulmonary function in GK diabetic rats. Whole-body plethysmography was 

performed on GK rats following exposure to filtered air, SA-PM (panel A), or SA-O3 (panel 

B). Measurements for Penh were taken at baseline prior to exposure and immediately 

following the 1st, 2nd, and 4th exposures in the 5-day groups. Data show mean ± SEM (n=6/

group). *P<0.05 vs. filtered air exposure group at that time point.

Hargrove et al. Page 15

Environ Sci Technol. Author manuscript; available in PMC 2019 March 06.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 3. 
SAs reduce cholesterol and triglyceride levels at 1 day post-exposure in GK rats. Metabolic 

markers were measured in GK rats following exposure to filtered air, SA-PM (left panels), 

or SA-O3 (right panels) for 1 day or 5 consecutive days. Serum samples were analyzed for 

total cholesterol (A, E), HDL cholesterol (B, F), LDL cholesterol (C, G), and triglycerides 

(D, H). Data show mean ± SEM (n=6/group). *P<0.05 significantly different than filtered air 

group at that time point.

Hargrove et al. Page 16

Environ Sci Technol. Author manuscript; available in PMC 2019 March 06.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 4. Exposure to SA does not exacerbate airway resistance or elastance in HDM-allergic 
mice.
Airway responsiveness to MCh aerosol challenge evaluated in mechanically ventilated non-

allergic (NA) or HDM-allergic (HDM) mice 1 day after 5-day exposure to SA-PM (panels 

A, B) or SA-O3 (panels C, D). Data show mean + SEM (n=7–8/group) of lung resistance (R) 

and elastance (E) at baseline (BL) and after aerosolization of 5, 10, 20 and 40 mg/ml MCh. 

*P<0.05 vs. non-allergic control at the same MCh dose.
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Figure 5. 
Virus burdens (A) and cytokine message (B) in the lungs of mice 7 d after infection with 

3000 EID50 units of influenza A (H1N1) immediately before the first (D1) or last (D7) of 7 

daily exposures (4 h/d) to air or SA-O3. Data show mean + SEM (n=10/group). *P<0.05 vs. 
air-exposed, D7 infection group.

Hargrove et al. Page 18

Environ Sci Technol. Author manuscript; available in PMC 2019 March 06.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Hargrove et al. Page 19

Table 1.

Criteria pollutant levels in simulated smog atmospheres dominated by particulate matter or ozone (SA-PM and 

SA-O3, respectively) for GK diabetic rat model and mouse models of house dust mite (HDM) allergy, 

response to heat-killed S. pneumoniae (HKSP), and response to influenza A (IA) (H1N1) virus. AQHI: Air 

quality health index. Data show mean (± SEM for multiple exposure days).

Animal Model Exposure Type (4 h/d) Exposure Days O3 (ppb) NO2 (ppb) PM2.5 (μg/m3) AQHI

GK Rat

SA-PM 1 87.3 262.2 1140.3 100.7

SA-O3 1 326.4 603.9 443.5 108.2

SA-PM 5 100.3 ± 1.7 274.5 ± 5.9 1107.9 ± 31.5 100.1 ± 3.1

SA-O3 5 369.7 ± 6.7 639.9 ± 5.1 308.7 ± 37.2 108.5 ± 2.9

Mouse HDM

SA-PM 1 74.6 226.7 1049.5 89.2

SA-O3 1 355.0 606.8 346.6 104.9

SA-PM 5 97.1 ± 13.4 241.3 ± 6.3 1069.8 ± 40.6 93.5 ± 3

SA-O3 5 371.6 ± 22.9 596.8 ± 26.4 293.3 ± 25.3 101.8 ± 4.7

Mouse HKSP SA-PM 7 96.3 ± 8.6 251.1 ± 8.2 1066.3 ± 27.6 94.2 ± 2.2

Mouse IA SA-O3 7 383.5 ± 10.1 613.2 ± 14.1 167.4 ± 23.2 98.1 ± 3.1
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