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Abstract

Background—Inhaled ozone (O3) has been demonstrated as a harmful pollutant and associated 

with chronic inflammatory diseases such as diabetes and vascular disorders. However, the 

underlying mechanisms by which O3 mediates harmful effects are poorly understood.

Objectives—To investigate the effect of O3 exposure on glucose intolerance, immune activation 

and underlying mechanisms in a genetically susceptible mouse model.

Methods—Diabetes-prone KK mice were exposed to filtered air (FA), or O3 (0.5 ppm) for 13 

consecutive weekdays (4 h/day). Insulin tolerance test (ITT) was performed following the last 

exposure. Plasma insulin, adiponectin, and leptin were measured by ELISA. Pathologic changes 

were examined by H&E and oil-red-o staining. Inflammatory responses were detected using flow 

cytometry and real-time PCR.

Results—KK mice exposed to O3 displayed an impaired insulin response. Plasma insulin and 

leptin levels were reduced in O3-exposed mice. Three-week exposure to O3 induced lung 

inflammation and increased monocytes/macrophages in both blood and visceral adipose tissue. 

Inflammatory monocytes/macrophages increased both systemically and locally. CD4+ T cell 
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activation was also enhanced by the exposure of O3 although the relative percentage of CD4+ T 

cell decreased in blood and adipose tissue. Multiple inflammatory genes including CXCL-11, 

IFN-γ, TNFα, IL-12, and iNOS were up-regulated in visceral adipose tissue. Furthermore, the 

expression of oxidative stress-related genes such as Cox4, Cox5a, Scd1, Nrf1, and Nrf2, increased 

in visceral adipose tissue of O3-exposed mice.

Conclusions—Repeated O3 inhalation induces oxidative stress, adipose inflammation and 

insulin resistance.
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BACKGROUND

Ozone (O3) is a reactive gas consisting of three oxygen atoms. The O3 layer in the upper 

atmosphere (stratosphere) protects us from excessive ultraviolet radiation from sun. 

However, ambient O3 at ground level (troposphere) is harmful to human health because of 

its highly oxidizing property. Although the underlying mechanisms are poorly understood, 

the adverse effect of O3 on cardiovascular diseases has been well-established. Epidemiologic 

studies suggest an association between O3 exposure and cardiovascular disease (Azevedo et 

al. 2011; Lee et al. 2003; Middleton et al. 2008; Ruidavets et al. 2005). Exposures as short as 

several hours might increase the incidence of adverse cardiovascular events (Rich et al. 

2006). However, the role of O3 exposure in another chronic disease, diabetes, is not fully 

illustrated. There was no direct evidence, until recently, showing the link between O3 

exposure and diabetes. Studies suggest O3 inhalation induces insulin resistance in rats (Bass 

et al. 2013; Vella et al. 2015). Bass showed acute and sub-chronic exposures to O3 induce 

glucose intolerance with a weaker effect in sub-chronic exposure (Bass et al. 2013). Vella et 

al. reported that overnight exposure to O3 triggers insulin resistance by activating JNK 

pathway (Vella et al. 2015). Study from our group also suggests O3 exposure induces 

inflammation in epicardial and perirenal adipose tissues in rats (Sun et al. 2013). Type 2 

diabetes is a chronic disorder involving both genetic and environmental factors. The effect of 

O3 exposure as an environmental risk factor on individuals genetically susceptible to 

diabetes is not clear.

Inflammation in peripheral tissues is closely associated with the development of insulin 

resistance and vascular dysfunction (Berg and Scherer 2005). Increased macrophage 

infiltration in the adipose tissue (from ~5% to 60%) is found in obesity (Weisberg et al. 

2003), a major risk factor for the development of type 2 diabetes. mRNA transcripts as well 

as protein levels of inflammatory genes such as TNFα, IL-6, complement factor C3, and 

MCP-1 in adipose tissue are induced by diet-induced obesity (Kern et al. 2001; Shimomura 

et al. 1996; Xu et al. 2003). Suppression of inflammation such as drug treatment or genetic 

disruption of pro-inflammatory gene may reverse obesity-induced insulin resistance (Hundal 

et al. 2002; Shoelson et al. 2003; Yuan et al. 2001).

In the current study, we used the obesity-prone KK mouse which develops moderate degrees 

of obesity, insulin resistance and diabetes (Hayase et al. 1996; Matsuo et al. 1970). The KK 
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mouse is an inbred strain established by Kondo et al. from Japanese native mice (Iwatsuka et 

al. 1970). KK mice with Ay mutation develop marked adiposity and hyperglycemia at early 

stage, while wild-type KK mice only develop moderate obesity and insulin resistance 

(Iwatsuka et al. 1970; Matsuo et al. 1970). The KK strain is sensitive to factors such as high 

fat diet and therefore is a useful model to study the pathogenesis, therapy, and prevention of 

obesity and diabetes (Hayase et al. 1996; Herberg and Coleman 1977; Matsuo et al. 1970). 

To investigate effects of O3 inhalation on adipose inflammation and diabetes, changes in 

immune activation and oxidative stress in response to O3 exposure were examined in adult 

male KK mice exposed to filtered air (FA) or O3 in current study.

RESULTS

Pulmonary Inflammation Induced by O3 Exposures

Bronchoalveolar Lavage Fluid (BALF)—KK mice exposed to O3 had markedly greater 

(3x) inflammatory cells in the BALF (collected ~24 hours after the last exposure), as 

compared to mice exposed only to FA (controls). This was due to O3-induced increases in 

lung lavaged monocytes/macrophages, neutrophils, eosinophils and lymphocytes (Figure 1A 

& 1B). O3-exposed animals had 2.5 fold more monocytes/macrophages, 9.1 fold more 

neutrophils and 5.3 fold more lymphocytes, as compared to the BALF cells in filtered air-

exposed mice (Figure 1B). Interestingly O3-exposed mice had 31,211 ± 9,126 (mean ± 

standard error of the mean) eosinophils/ml of BALF, while no eosinophils were found in the 

BALF of air-exposed controls (Figure 1B).

Lung Histopathology—O3-exposed KK mice had pulmonary histopathology that was 

restricted to centriacinar regions throughout the lung lobe compared to FA-exposed mice 

(Figure 2A & 2B). These O3-induced lung lesions were morphologically characterized by 

marked thickening of terminal bronchioles and proximal alveolar ducts as a result of 

hyperplasia/hypertrophy of surface epithelium, intramural fibrosis, smooth muscle 

hypertrophy and a mixed inflammatory cell infiltrate (i.e., mononuclear cells, neutrophils 

and eosinophils; bronchiolitis/alveolitis). Conspicuous aggregates of monocytes/

macrophages and lesser numbers of other inflammatory cells (i.e., neutrophils, eosinophils, 

and lymphocytes) were also present in centrinacinar airspaces. No exposure-related 

histopathology was found in the lungs of KK mice exposed only to filtered air (Figure 2A).

O3 Inhalation Induced Insulin Tolerance in Insulin Resistant KK Mice

ITT was performed to evaluate the impact of O3 inhalation on insulin sensitivity of KK 

mice. As shown in figure 3A, there were no differences in body weight compared to control 

before and after 13 days of O3 exposure in KK mice. Although no significant difference in 

fasting blood glucose was observed between FA- and O3-exposed animals (Figure 3B, 347.3 

± 8.9 mg/dL vs. 356.6 ± 32.1 mg/dL for FA vs. O3), three-week O3 exposure significantly 

impaired insulin sensitivity in KK mice (Figure 3C & 3D; Area under curve: 28413.4 

± 2291.2 vs. 42804.4 ± 3744.6 for FA vs. O3, p<0.05). Fasting plasma insulin levels were 

lower in O3-exposed mice (4.5 ± 0.6 ng/mL vs. 2.7 ± 0.4 ng/mL for FA vs. O3, p<0.05, 

Figure 3E). Consistently, fasting plasma leptin level (14.8 ± 1.8 ng/mL vs. 8.3 ± 0.7 ng/mL 
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for FA vs. O3, p<0.05, Figure 3F) and HOMA-beta (152.1 ± 16.1 vs. 91.7 ± 21.8 for FA vs. 

O3, p<0.05, Figure 3G) were also reduced after O3 exposure in KK mice.

Effect of O3 Exposure on Immune Cell Population in Blood and Adipose Tissue

Animals were sacrificed after 3-week exposure to FA or O3 and blood was collected for the 

isolation of white blood cells. To investigate the impact of O3 inhalation on immune 

response, macrophage and CD4+ T cell population were quantified using flow cytometry. 

Monocytes were characterized by the expression CD11b and F4/80 in mice (Geissmann et 

al. 2003). As depicted in figure 4A, CD11b+ F4/80+ monocytes increased in blood (6.5 

± 0.1% vs. 7.9 ± 0.6% for FA vs. O3) although no statistical significance was observed 

(p=0.06). CD4+ T cell percentage in blood was lower in O3-exposed mice (14.3 ± 0.6% vs. 

10.8 ± 0.6% for FA vs. O3, p=0.001, Figure 4B). Consistently, infiltration of adipose tissue 

macrophage (ATM) increased in epididymal fat of KK mice exposed to O3 (37.9 ± 1.2% vs. 

44.3 ± 2.1% for FA vs. O3, p=0.02, Figure 4C) and percentage of CD4+ T cell decreased in 

epididyma fat of O3-exposed KK mice (1.2 ± 0.08% vs. 0.9 ± 0.08% for FA vs. O3, p=0.04, 

Figure 4D).

Impact of O3 Inhalation on Inflammatory Activation of Monocytes/T cells in Blood

Next we detected the activation of monocytes and CD4+ T cells in the blood of O3-exposed 

KK mice. Gr-1low 7/4high inflammatory monocytes were significantly increased in the 

circulation of KK mice exposed to O3 (11.0 ± 1.3% vs. 19.4 ± 0.9% for FA vs. O3, p<0.001, 

Figure 5A). To confirm this result, we used another marker Ly-6C to identify inflammatory 

monocytes. Consistently, Ly-6C+ monocyte level in circulation was higher in O3-exposed 

mice compared with that in FA-exposed mice (13.6 ± 1.4% vs. 18.9 ± 0.8% for FA vs. O3, 

p=0.006, Figure 5B). Interestingly, the activated CD4+ T cells (CD4+ CD62L−) also 

increased after O3 exposure (85.4 ± 0.7% vs. 92.0 ± 1.0% for FA vs. O3, p<0.001, Figure 

5C).

Effect of O3 Exposure on Liver Lipid Metabolism

As depicted in figure 6A, KK mice exposed to O3 and FA had similar liver weights. H&E 

staining shows normal liver architecture and morphology in mice exposed to O3 (Figure 6B). 

To investigate whether O3 exposure affects hepatic lipid content, liver frozen sections were 

used for Oil-Red-O staining. As shown in figure 6C, similar levels of lipid content were 

observed in liver of mice exposed to FA and O3.

Impact of O3 Inhalation on Inflammatory Activation of Monocytes/T cells in Adipose Tissue

To investigate inflammatory cell infiltration in visceral adipose tissue, epididymal fat tissues 

from exposed mice were used for the H&E staining and Mac-1 immunofluorescence 

staining. More crown-like structures (infiltration of inflammatory cells) were observed in the 

epididymal fat of O3-exposed mice (Figure 7A & 7B). Consistent with the observations in 

blood, infiltration of inflammatory macrophages in visceral adipose tissue was enhanced by 

O3 exposure. As shown in figure 7C, percentage of Gr-1low 7/4high macrophage increased in 

the epididymal fat of O3-exposed mice (2.8 ± 0.4% vs. 6.3 ± 1.1% for FA vs. O3, p=0.02,). 

Ly-6C+ macrophage infiltration in the epididymal fat of O3-exposed mice is also higher than 
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that of mice exposed to FA (1.5 ± 0.2% vs. 2.1 ± 0.2% for FA vs. O3, p=0.04, Figure 7D). 

There was also an increased activation of CD4+ T cell in the adipose tissue of O3-exposed 

KK mice (76.8 ± 2.3% vs. 88.8 ± 6.1% for FA vs. O3, p<0.001, Figure 7E).

Effect of O3 Exposure on Inflammatory Gene Expression in Visceral Adipose Tissue

To further investigate the impact of O3 inhalation on immune activation in adipose tissue, we 

next detected the mRNA expression level of chemokines, pro-inflammatory cytokines, and 

inflammatory genes in visceral adipose tissue. No significant difference in CCL-5, 

CXCL-12, CXCL-9, MCP-1, RORγ, T-bet and IL-6 were observed between FA- and O3-

exposed mice (Figure 8). Expression of CXCL-11 was increased by 8.5-fold in animals 

exposed to O3 (1.0 ± 0.22 vs. 8.5 ± 2.63 for FA vs. O3, p=0.02, Figure 8A). There were also 

a 5.4-fold increase of iNOS (1.0 ± 0.39 vs. 5.4 ± 1.26 for FA vs. O3, p=0.007, Figure 8B), 

2.8-fold increase of IFN-γ (1.0 ± 0.23 vs. 2.8 ± 0.73 for FA vs. O3, p=0.045, Figure 8B), 4.1-

fold increase of IL-12 (1.0 ± 0.40 vs. 4.1 ± 1.10 for FA vs. O3, p=0.026, Figure 8B), 11.5-

fold increase of TNFα (1.0 ± 0.24 vs. 11.5 ± 4.24 for FA vs. O3, p=0.039, Figure 8B) and 

2.7-fold increase of CD56 (1.0 ± 0.24 vs. 2.7 ± 0.74 for FA vs. O3, p=0.033, Figure 8B).

O3 Exposure Promotes Oxidative Stress

To investigate whether oxidative stress plays a role in O3 exposure, we detected the 

expression of genes involved in oxidative stress. As depicted in figure 9, multiple oxidative 

stress-related genes including Cox4 (1.0 ± 0.16 vs. 2.9 ± 0.71 for FA vs. O3, p=0.021), 

Cox5α (1.0 ± 0.16 vs. 2.0 ± 0.34 for FA vs. O3, p=0.016), Scd1 (1.0 ± 0.18 vs. 3.1 ± 0.93 for 

FA vs. O3, p=0.041), Nrf1 (1.0 ± 0.24 vs. 2.6 ± 0.52 for FA vs. O3, p=0.014), and Nrf2 (1.0 

± 0.17 vs. 1.8 ± 0.36 for FA vs. O3, p=0.045) were up-regulated by the exposure of O3. The 

expression of Gclm increased by 1.1-fold although it was not statistically significant 

(p=0.053). No Significant differences in Cox1, Cox7α, and Nqo1 between FA and O3 were 

observed (Figure 9).

DISCUSSION

The effects of O3 exposure on cardiometabolic diseases are not fully understood. Although 

several studies have indicated acute (hours to 2 days) and chronic/sub-chronic (months) O3 

exposure may induce insulin resistance (Bass et al. 2013; Sun et al. 2013; Vella et al. 2015), 

the effect of sub-acute exposure to O3 on insulin sensitivity is not clear. In addition, the 

effect of O3 exposure on diabetes susceptible individuals has not been reported. In the 

current study, we provided direct evidence showing 13 consecutive weekdays of O3 

exposure promotes insulin resistance in mice genetically susceptible to diabetes. Repeated 

O3 exposure also enhanced oxidative stress and adipose tissue inflammation.

It has been reported that acute exposure to O3 elevated fasting blood glucose level in rats 

(Miller et al. 2015; Miller et al. 2016). In our study, however, there was a similar fasting 

blood glucose level in FA- and O3-exposed KK mice. This is probably because the 

responsiveness to O3 is different in different genetic background and the effect of O3 may 

vary when exposed for different durations. However, we did observed a significant adverse 

effect of O3 inhalation on insulin sensitivity. Three-week O3 inhalation exacerbated the 
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response to insulin in KK mice. HOMA-beta, an index for beta cell insulin secretory 

function (Matthews et al. 1985; Wallace et al. 2004), was also reduced in KK mice exposed 

to O3. In consistency with our results, a recent study reported that exposure to O3 impaired 

insulin sensitivity in the skeletal muscle of rats (Vella et al. 2015). Vella and coworkers 

demonstrated that overnight O3 exposure triggered insulin resistance by activating JNK 

pathway (Vella et al. 2015). Interestingly, in our study, the fasting plasma insulin and leptin 

levels were lower in mice expose to O3. This suggests that O3-induced oxidative stress and 

systemic inflammation impair the function of islet cells and adipocytes.

Inflammation has long been associated with cardiometabolic diseases (Despres 2012; Ross 

1999; Shah et al. 2008; Taube et al. 2012; Van Eeden et al. 2012). Cardiometabolic diseases 

such as atherosclerosis and diabetes are parallel with increase of multiple inflammatory 

changes. For instance, atherosclerotic lesions are dominated by immune cells at the early 

stage. The activation of inflammation accelerates the progression of lesions and elicits acute 

coronary syndromes (Hansson 2005). Obesity-induced diabetes is also characterized by 

chronic low grade inflammation in the peripheral tissues (Luft et al. 2013; Wellen and 

Hotamisligil 2005). To investigate whether O3 inhalation has an impact on inflammation, 

KK mice were exposed to O3or FA for 13 days over 3 weeks. O3 exposure increased 

inflammatory cells including monocyte/macrophage, lymphocyte, eosinophil, and neutrophil 

in the BALF by 2.5- to 10-fold. Lung histological examination confirmed the inflammation 

in the centriacinar regions throughout the lung lobe in O3-exposed KK mice. The 

inflammatory markers on circulating monocyte and adipose tissue macrophages increased 

upon exposure to O3. Furthermore, the percentage of monocyte/macrophage was also 

elevated in mice with O3 exposure. However, the percentage of CD4+ T cell decreased in 

O3-exposed mice. This is probably caused by the increase of macrophage population. 

Although percentage of CD4+ T cells in the circulation was reduced, the activation of CD4+ 

T cell (CD4+CD62L−) increased in O3-exposed KK mice. All these results suggest that O3 

inhalation promotes inflammatory response in both circulation and adipose tissue, and might 

play a role in the development of insulin resistance and diabetes.

Realtime PCR analysis indicated that there was an increase of multiple inflammatory genes 

in visceral adipose tissue such as CXCL-11, iNOS, IFN-γ, IL-12, and TNFα. CD56, a 

marker for NK cells, also increased in O3-exposed mice. This indicates NK cells might at 

least in part contribute to the increase of inflammatory cytokines such as IFN-γ and TNFα in 

O3 exposure. The increase of type 1 cytokines such as IFN-γ and IL-12 in visceral fat may 

induced the classical activation of adipose tissue macrophages. Classically activated 

macrophages highly express iNOS and TNFα, and is confirmed to be major contributor for 

adipose inflammation and insulin resistance (Olefsky and Glass 2010; Winer and Winer 

2012). Deficiency of IFN-γ improves insulin resistance and switch macrophage activation 

towards alternative activation (O’Rourke et al. 2012). CXCL-11, also known as Interferon-

inducible T Cell Alpha Chemoattractant (I-TAC) or Interferon-gamma-inducible protein 9 

(IP-9), is a chemokine belonging to the CXC chemokine family. Studies have shown 

CXCL-11 can be induced by IFN-γ through a STAT3-dependent pathway (Yang et al. 2007). 

The increase of CXCL-11 is probably caused by the enhancement of IFN-γ and may further 

promote the recruitment of activated T cells into the visceral fat.
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Previous studies including those from our group have demonstrated oxidative stress is an 

important mechanism underlying inflammation induced by air pollutants such as PM2.5 

(Grevendonk et al. 2016; Rajagopalan and Brook 2012; Sun et al. 2010; Xu et al. 2010; Xu 

et al. 2011) and cigarette smoking (Carnevali et al. 2003; Mons et al. 2016). PM2.5 exposure 

was associated with oxidative stress in various tissues including lung, liver, white adipose 

tissue, and brown adipose tissue (Laing et al. 2010; Rajagopalan and Brook 2012; Xu et al. 

2010; Xu et al. 2011). Exposure to PM2.5 increased phosphorylation of p47, a key cytosolic 

subunit of NADPH oxidase, in visceral adipose tissue. p47phox−/− mice were protected from 

PM2.5-induced adverse effects such as impairment in insulin resistance, vascular function, 

and visceral inflammation (Xu et al. 2010). To investigate whether oxidative stress is also 

involved in O3-induced inflammation and insulin resistance, we detected genes involved in 

the oxidative stress. Nrf1 and Nrf2, both of which are master regulator of oxidative stress 

signaling (Ma 2013; Schultz et al. 2010), were up-regulated by O3 exposure. During the 

process of oxidative stress, the Nrf proteins are up-regulated and induce the expression of a 

variety of antioxidant and xenobiotic-metabolizing enzymes (Biswas and Chan 2010). 

Cytochrome-c oxidase (COX) also regulates radical production and oxidative stress by 

controlling mitochondrial respiration (Kadenbach et al. 2004; Srinivasan and Avadhani 

2012). In our study, we observed an up-regulation of Cox4 and Cox5a mRNA in the adipose 

tissue of O3-exposed mice. The proteins encoded by Gclm and Scd1 are rate-limiting 

enzymes in glutathione synthesis and fatty acid metabolism respectively, and are both 

important regulators in oxidative stress (Lim et al. 2015; Liu et al. 2011; Yang et al. 2002). 

The expressions of Gclm and Scd1 both increased in visceral adipose tissue after exposure to 

O3. These results suggest exposure to O3 may induce oxidative stress in visceral adipose 

tissue.

In this study, we perform a short-term whole body exposure of the diabetes prone KK mice 

to O3 or filtered air. We demonstrated that short-term exposure to O3 (4h/day, 13 days) 

significantly impaired insulin sensitivity, accompanied by enhanced inflammation and 

oxidative stress in visceral adipose tissue. This study suggested that O3, as an important 

component of polluted air, has great potential to promote progress of inflammatory response 

and type 2 diabetes.

CONCLUSIONS

O3 exposure exacerbates insulin resistance in diabetes-prone mice by triggering oxidative 

stress and systemic/local inflammatory response.

MATERIALS AND METHODS

Animals

Japanese KK mice were purchased from The Jackson Laboratory (Stock # 002468, KK-a/a 

genotype, Bar Harbor, ME) and were allowed to acclimate for two weeks before beginning 

inhalation exposure protocols. All procedures of this study were approved by the 

Institutional Animal Care and Use Committees at Michigan State University and the Ohio 

State University. Michigan State University is an AAALAC accredited institution.
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O3 Exposure

Inhalation exposures and tissue collection procedures were conducted at Michigan State 

University. Mice (8/group) were exposed to filtered air (FA), or O3 (O3; 0.5 ppm target) for 

13 consecutive weekdays (Monday to Friday, 4 h/day). Choice of the O3 exposure regimen 

was made on previously reported rodent studies in our group and others (Katre et al. 2011; 

Last et al. 2004; Sun et al. 2013; Wagner et al. 2014; Ying et al. 2016). The magnitude of 

O3-induced airway epithelial injury and inflammation are exposure (e.g., concentration, 

time, and frequency) and species dependent. It has been experimentally documented that it 

takes approximately 4 to 5 times the concentration of O3 to induce pulmonary inflammation 

in laboratory rodents that is similar to that in exercising human subjects under similar 

controlled acute exposure conditions (Hatch et al. 2013; Hatch et al. 1994). The airborne 

concentration that was chosen for this exposure was equivalent to an exercising human 

exposure of 0.15 ppm or approximately twice the concentration of the current U.S. National 

Ambient Air Quality Standard (NAAQS) for O3 (0.070 ppm). Mice were housed 

individually in stainless steel wire cages, and exposed to O3 in whole body inhalation 

exposure chambers (H-1000; Lab Products Marywood, NJ). O3 was generated with an 

OREC 03V1-Clone O3 generator (Ozone Research and Equipment Corp., AZ) using 

compressed air as a source of oxygen, and monitored with a Dasibi 1003 AH ambient air O3 

monitor (Dasibi Environmental Corp., Glendale, CA). The actual chamber concentrations 

were 0.49586 ± 0.000926 ppm (mean ± SEM), and were highly consistent throughout the 

13-day study. Food was removed during exposures. All mice were sacrificed 22 h after the 

last exposure.

Intraperitoneal Insulin Tolerance Test (IPITT)

Two hours after the last exposure (fasted for 6 hours), baseline blood glucose and body 

weights were measured. Animals received an insulin injection of 0.75U/kg body weight, 

blood was obtained by tail vein puncture at 15, 30, 60, 90, 120, and 130 min post injection. 

Glucose was measured with a Bayer Contour® glucometer. Food was returned to the 

animals at completion of the test.

Necropsy

Six hours prior to necropsy animals were again fasted. Approximately, twenty-two hours 

after the last exposure, mice were deeply anesthetized with sodium pentobarbital (50 mg/kg, 

i.p.), blood was collected from the ascending vena cava for plasma isolation, and then mice 

were exsanguinated by cutting the abdominal.

Bronchoalveolar Lavage & Lung Histopathology

Immediately after death, the trachea was cannulated and the heart and lungs were excised en 
bloc. A volume of 0.8 mL sterile saline was instilled through the tracheal cannula and 

withdrawn to recover bronchoalveolar lavage fluid (BALF). A second intratracheal saline 

lavage was performed and the collected BALF was combined with the first sample for 

analysis. Total number of cells in the collected BALF was estimated using a hemocytometer. 

Cytological slides were prepared by centrifugation (Shandon cytospin 3) and stained with 
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Diff-Quick and differential cell counts for neutrophils, eosinophils, macrophages/monocytes, 

and lymphocytes were assessed from a total of 200 cells.

After the BALF was collected, the left lung lobe was intratracheally fixed with neutral-

buffered formalin at a constant pressure (30 cm H2O) for 2 h and then stored in a large 

volume of the same fixative until further tissue processing for light microscopy. The right 

caudal lobe was removed for RT-PCR. Twenty-four hours later, two sections were excised at 

the level of the 5th and 11th airway generation along the main axial airway (G5 and G11), to 

sample proximal and distal bronchiolar airways, respectively. Tissue blocks were then 

embedded in paraffin and 5- to 6-μm thick sections were cut from the anterior surface. Lung 

sections were stained with hematoxylin and eosin (H&E) for routine light microscopic 

examination and with Alcian Blue (pH 2.5)/Periodic Acid–Schiff (AB/PAS) for 

identification of intraepithelial neutral and acidic mucosubstances in pulmonary bronchiolar 

epithelium.

Adipose Stromal Vascular Fraction (SVF) isolation

At necropsy, the stromal vascular fraction (SVF) was immediately isolated from epididymal 

fat by digesting it with collagenase type II as described previously (Zhong et al. 2013). 

Briefly, visceral adipose tissues were extensively rinsed in PBS, minced and then digested 

with 1 mg/mL collagenase type II from Clostridium histolyticum (Sigma, St. Louis, MO) at 

37°C water bath with a shaking speed of 140 rpm for 30 min. The digesta was then filtered 

through a 100 μm nylon cell strainer (BD Biosciences, San Jose, CA), followed by 

centrifugation at 300 × g for 5 min. The cells were then lyzed with 1× RBC lysing buffer 

(Sigma, St. Louis, MO) to get rid of contaminating red blood cells. After wash with PBS, the 

resulting pellet (SVF) was resuspended with PBS and analyzed with flow cytometry.

Adipose Histology

Epididymal fat tissues from exposed mice were fixed in 10% Neutral Buffered Formalin and 

embedded in paraffin. Paraffin-embedded tissue sections (8 μm) were subjected to 

hematoxylin and eosin (H&E) staining as described previously (Zheng et al. 2013). For 

detection of Mac-1α, some sections were blocked in 2% BSA for 1 h after incubation in 1× 

Retrieve-All Antigen Unmasking Solution (Covance, Vienna, VA). Sections were then 

incubated with Mac-1α (Clone: M1/70) primary antibody (Biolegend, San Diego, CA) 

overnight at 4°C, followed by incubation with Texas Red-labeled anti-rat secondary 

antibody. After mounting, slides were kept at 4°C until imaging. Images were captured using 

Zeiss LSM 510 inverted confocal.

Liver Oil-Red-O Staining

Oil-Red-O staining was performed as described previously(Liu et al. 2014). Briefly, hepatic 

frozen sections were stained with Oil-Red-O working solution (5mg/mL Oil-Red-O stock 

solution: ddH2O = 3 : 2), followed by staining with haematoxylin.

Adipose Flow Cytometry

All antibodies used in flow cytometry were purchased from BioLegend, San Diego, CA 

(CD4, clone GK1.5; CD11b, clone M1/70; CD62L, clone MEL-14; Ly6c, clone HK1.4; 
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Gr-1, clone RB6-8C5), AbD Serotec, Raleigh, NC (Ly-6B.2, Clone 7/4), or BD, San Jose, 

CA (CD16/32 Fcγ III/II receptor, clone 2.4G2). 100 μL cell suspension containing 1 × 106 

cells were incubated with anti-mouse CD16/32 Fcγ III/II receptor (BD, San Jose, CA) at 4°C 

for 15 min. Cells were then stained with indicated antibodies at 4°C for 30 min. After 

washes with PBS, cells were then analyzed on a BD LSRII cytometer (BD, San Jose, CA).

Adipose Real-time PCR

Total RNAs were isolated from epididymal fat of FA or O3-exposed mice using Trizol® 

Reagent (Life Technologies, Grand Island, NY). cDNA were synthesized from mRNA using 

a High Capacity cDNA Reverse Transcriptase Kit (Life Technologies, Grand Island, NY) 

according to the manufacturer’s instruction. The quantitative real-time PCR analysis was 

performed on a light 480 real-time PCR System (Roche Applied Science, Indianapolis, IN) 

following the standard procedure. Target genes were amplified using a LightCycler® 480 

SYBR Green I Master kit (Roche Applied Science, Indianapolis, IN). The primers used for 

real-time PCR are described in Table 1. Fold changes of mRNA levels were determined after 

normalization to internal control β-actin RNA levels.

Plasma ELISA

After overnight fasting, plasma was prepared from anticoagulated (K2EDTA) whole blood 

by centrifugation at 2000 g for 15 min. Plasma insulin, adiponectin, and leptin levels were 

measured using a Mouse Insulin ELISA kit (Crystal Chem Inc., Downers Grove, IL), 

Quantikine® Mouse Leptin Immunoassay kit, and Quantikine® Mouse Leptin Immunoassay 

kit (R&D Systems, Minneapolis, MN) as instructed by the manufacturer.

Statistical Analysis

Data are expressed as mean ± SEM. The results were analyzed by unpaired t test using 

Graphpad Prism v5.0 (GraphPad Software, San Diego, CA). A P value of < 0.05 was 

considered as statistically significant.
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Figure 1. Effect of O3 exposure on bronchoalveolar cellularity
Total cells (A) and inflammatory cell differentials (B) were enumerated in bronchoalveolar 

lavage fluid as described in Methods. ND - not detected; * indicates significantly different 

from filtered air (FA) exposed mice; p<0.05.
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Figure 2. Effect of O3 exposure on pulmonary histopathology
Light photomicrographs of lung tissue from KK mice exposed to filtered air (A) or 0.5 ppm 

O3 (B). No exposure-related lung lesions are present in the centriacinar region of the lung 

from a control mouse exposed only to filtered air (A). In contrast, airway walls (solid 

arrows) of terminal bronchioles (TB) and alveolar ducts (AD), in the centriacinus of the 

lung, from an O3-exposed mouse (B) are markedly thickened due to hyperplasia/hypertrophy 

of surface epithelium (e), intramural fibrosis, smooth muscle hypertrophy, and an influx of 

mixed inflammatory cells. Small aggregates of monocytes/macrophages (stippled arrow) are 

also present in alveolar airspaces in B. a, alveolar parenchyma. Tissue sections were stained 

with hematoxylin and eosin.
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Figure 3. O3 exposure impaired insulin sensitivity
KK mice were exposed to O3 or FA for 13 days. Body weight was measured before and after 

exposure (A). ITT was performed 1 day after the last exposure. Blood glucose level was 

detected before and 0, 15, 30, 60, 90, 120 min after i.p. injection of 0.75U/kg body weight 

insulin (B, fasting blood glucose; C, blood glucose level upon insulin injection; D, area 

under curve). Plasma was used for the detection of insulin (E) and leptin (F). n=8; *, p<0.05.
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Figure 4. Effect of O3 exposure on macrophages and CD4+ T cells
White blood cells isolated from peripheral blood and SVF harvested from epididymal fat 

were used for the flow cytometric detection of macrophage and T cell population. 

Percentage of macrophage in blood (F4/80+ CD11b+, A) and epididymal fat (F4/80+, C) was 

shown. CD4+ T cells in blood (B) and epididymal fat (D) were also detected. n=8; *, 

p<0.05.
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Figure 5. Impact of O3 exposure on activation of circulating macrophages and CD4+ T cells
White blood cells isolated from peripheral blood were used for the flow cytometric detection 

of macrophage and T cell activation. F4/80+ CD11b+ macrophages were gated for the 

analysis of inflammatory marker. Inflammatory macrophages as evidenced by 7/4high 

Gr-1low (A) or Ly-6C+ (B) were analyzed (Left, statistical analysis; Right, representative 

images). CD4+ cells were gated for the detection of T cell activation. Activated CD4+ T cells 

(CD4+ CD62L−) were shown (C; Left, statistical analysis; Right, representative images). 

n=8; *, p<0.05.
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Figure 6. Effect of O3 exposure on liver weights and lipid content
A, Liver weight of FA- or O3-exposed mice; B, Sections of liver were used for the H&E 

staining and representative images were shown; C, Oil-Red-O staining of frozen liver 

sections (Left, statistical analysis; Right, representative images).
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Figure 7. O3 exposure promoted activation of macrophages and CD4+ T cells in visceral adipose 
tissue
Sections of epididymal fat were used for the H&E staining (A) and immunofluorescence 

staining (B, CD11b). Representative images were shown (arrows indicate crown-like 

structure infiltrated by inflammatory cells/macrophages). SVF harvested from epididymal 

fat was used for the flow cytometric detection of macrophage and T cell activation. F4/80+ 

macrophages were gated for the analysis of inflammatory marker. Inflammatory 

macrophages as evidenced by 7/4high Gr-1low (C) or Ly-6C+ (D) were analyzed (Left, 

statistical analysis; Right, representative images). CD4+ cells were gated for the detection of 

T cell activation. Activated CD4+ T cells (CD4+ CD62L−) were shown (E; Left, statistical 

analysis; Right, representative images). n=8; *, p<0.05.
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Figure 8. Effect of O3 exposure on inflammatory gene expression in visceral adipose tissue
Epididymal fat of mice exposed to filtered air (FA) or O3 was used for real-time PCR 

detection of inflammatory gene expression. mRNA expression of chemokines(A, Ccl5, 

Cxcl9, Cxcl11, Cxcl12, and Mcp1) and inflammatory genes (B, Ifng, Il12, Il6, Inos, Tnfα, 

Rorc, Tbx21 and Cd56) was shown. N=8/group; *, p<0.05.
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Figure 9. O3 exposure induces expression of cyclooxygenase (COX) and oxidative stress response 
in VAT
Epididymal fat of mice exposed to filtered air FA or O3 was used for real-time PCR 

detection of genes involved in oxidative stress: Cox1, Cox4, Cox5α, Cox7α, Scd1, Nrf1, 

Nrf2, Gclm, Noq1, and Ucp1. *, p<0.05.
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Table 1

Real-time PCR primer sequence

Target Gene Primer Sequence (5′ to 3′)

TNFα
Forward CAACGGCATGGATCTCAAAGAC

Reverse AGATAGCAAATCGGCTGACGGT

MCP-1
Forward TCACCTGCTGCTACTCATTCACCA

Reverse TACAGCTTCTTTGGGACACCTGCT

CCL5
Forward CTCACCATCATCCTCACTGC

Reverse AAATACTCCTTGACGTGGGC

CXCL-12
Forward TCTGCATCAGTGACGGTAAAC

Reverse TGAAGGGCACAGTTTGGAG

CXCL-9
Forward TCCGCTGTTCTTTTCCTCTTG

Reverse GAGGGATTTGTAGTGGATCGTG

CXCL-11
Forward ATGGCAGAGATCGAGAAAGC

Reverse GCACCTTTGTCGTTTATGAGC

RORγ
Forward ATGTCTGCAAGTCCTTCCG

Reverse CTCCCACATTGACTTCCTCTG

T-bet
Forward TTCAACCAGCACCAGACAG

Reverse AGACCACATCCACAAACATCC

iNOS
Forward CCAGTTGTGCATCGACCTAG

Reverse TCACCTCCAACACAAGATCAG

IFNγ
Forward TCTTCCTCATGGCTGTTTCTG

Reverse CACCATCCTTTTGCCAGTTC

IL-12
Forward ACAGATGACATGGTGAAGACG

Reverse TCGTTCTTGTGTAGTTCCAGTG

IL-6
Forward ATCCAGTTGCCTTCTTGGGACTGA

Reverse TAAGCCTCCGACTTGTGAAGTGGT

COX1
Forward AGGAGATGGCTGCTGAGTTGG

Reverse AATCTGACTTTCTGAGTTGCC

COX4
Forward AGCCATTTCTACTTCGGTGTG

Reverse GCAGACAGCATCGTGACAT

COX5
Forward GGGTCACACGAGACAGATGA

Reverse GGAACCAGATCATAGCCAACA

COX7
Forward GCTGCTGAGGACGCAAAATGAGG

Reverse CCATTCCCCCGCCTTTCAAG

SCD1
Forward GTCAGGAGGGCAGGTTTC

Reverse GAGCGTGGACTTCGGTTC

Nrf1
Forward GAACTGCCAACCACAGTCAC

Reverse TTTGTTCCACCTCTCCATCA

Nrf2
Forward TCACACGAGATGAGCTTAGGGCAA

Reverse TACAGTTCTGGGCGGCGACTTTAT

Gclm Forward CCACCAGATTTGACTGCCTTTGCT
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Target Gene Primer Sequence (5′ to 3′)

Reverse AATCCTGGGCTTCAATGTCAGGGA

NQO1
Forward ATGGCATCCAGTCCTCCATCAAGA

Reverse ACAAGTTAGTCCCTCGGCCATTGT

UCP1
Forward ACTGCCACACCTCCAGTCATT

Reverse CTTTGCCTCACTCAGGATTGG

β-actin
Forward TGTGATGGTGGGAATGGGTCAGAA

Reverse TGTGGTGCCAGATCTTCTCCATGT
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