
Figure 1. Relative gene expression of ozone and filtered air-treated rats. Panel A: CC10 gene expression. All values are given as fold change relative to housekeeper gene (HPRT), relative to male filtered air parenchyma. Error 
bars on all plots represent mean +/- SEM. O3 exposure decreased expression of CC10 in distal and proximal airways. CC10 expression in distal airways in O3 treated rats relative to FA, p=0.0018. Panel B: GST-pi gene expression. 
While no differences are statistically significant, a trend suggests that O3 exposure increased expression of GST-pi in distal and proximal airways. Panel C: GCLM gene expression. While no differences are statistically significant, a 
trend suggests that O3 exposure increased expression of GCLM in male distal airways and decreased expression in female distal airways. Panel D: GCLC gene expression. While no differences are statistically significant, a trend 
suggests that O3 exposure decreased expression of GCLC in all lung sub compartments. 
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Question
Why does early life ozone exposure in rats cause structural changes in the 
distal lung? 

Background
Early life ozone exposure decreases lung function in humans [1]. These 
functional changes are thought to be related to structural changes in the 
distal lung. However, the mechanism by which early life ozone exposure 
causes lung structural changes is unknown [2-3]. 

Ozone is a powerful oxidant [4]. Glutathione (GSH) is a prevalent 
intracellular antioxidant and functions as a substrate for conjugation of 
endogenous byproducts of oxidative stress by glutathione s-transferases 
(GST) [5]. 

Animal and epidemiologic studies have implicated oxidant stress as an 
important mechanism in ozone-induced injury in children and juvenile 
animals [6-9]. Oxidant stress responses in the immature lung differ from 
those in the mature lung [10]. 

Neonatal rats exposed to particulate pollution are less able to mount GSH or 
GSH-related enzyme responses than adults [11-13]. Male neonatal rats had 
a more significant reduction in airway GSH than adults when subjected to 
oxidative stress from particulate matter inhalation [10-11]. GST has also 
been shown to be attenuated in neonatal antioxidant responses [10]. 

The rate limiting step of GSH de novo synthesis is catalyzed by glutamate 
cysteine ligase (GCL), which is comprised of a modulatory (GCLM) and 
catalytic (GCLC) subunit. While both have been shown to be upregulated 
following oxidative stress [14-15], both GCLC and GCLM gene expression 
have been found to decrease in neonates exposed to particulate matter [10].  

Club cell secretory protein (CCSP or CC10) is a major secretory product of 
Club cells, an important metabolic and stem cell type within airways. Ciliated 
cells in the airways are the predominate target of ozone, and in response 
Club cells can participate in regeneration of the epithelium via de-
differentiation [16]. Thus, decreased CC10 gene expression may correspond 
to Club cell de-differentiation and airway injury. 

In the present study, we sought to identify mechanisms of ozone-induced 
change in the distal lung, investigating neonatal antioxidant capacity as a 
predisposing factor to airway remodeling.

Hypothesis
The distal neonatal lung is less able than mature lungs and the proximal lung 
to upregulate cellular antioxidant responses to ozone oxidative stress. This 
attenuated antioxidant response may predispose neonates to disrupted lung 
development due to ozone exposure. 

Approach
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Conclusions

Fe
m

al
e

Specific Aims
Aim 1: Quantify gene expression of key oxidant stress response enzymes 
Club cell secretory protein, glutathione s-transferase pi, and glutathione 
cysteine ligase catalytic and modulatory subunits to characterize neonatal 
antioxidant responses in lung sub compartments. 

Aim 2: Characterize distribution of Club cell secretory protein, glutathione s-
transferase pi, and glutathione cystine ligase in airways and alveoli using 
immunohistochemistry to identify lung region-specific changes. 

References and Acknowledgments 
Research grants: NIEHS R21 ES030276; NIEHS P30ES023513. 
Student support: UCDF W&C Lider Endowed Fellowship Fund.

[1] Tager, I.B., J. Balmes, F. Lurmann, L. Ngo, S. Alcorn, and N. Kunzli, Chronic exposure to ambient ozone and lung function in young adults. Epidemiology, 2005. 16(6): p. 751. [2] Schikowski, T., I.C. Mills, H.R. Anderson, A. Cohen, A. 
Hansell, F. Kauffmann, U. Kramer, A. Marcon, L. Perez, J. Sunyer, N. Probst. [3] To, T., J. Zhu, K. Larsen, J. Simatovic, L. Feldman, K. Ryckman, A. Gershon, M.D. Lougheed, C. Licskai, H. Chen, P.J. Villeneuve, E. Crighton, Y. Su, M. 
Sadatsafavi, D. Williams, C. Carlsten, and N. Canadian Respiratory Research, Progression from Asthma to Chronic Obstructive Pulmonary Disease. Is Air Pollution a Risk Factor? Am J Respir Crit Care Med, 2016. 194(4): p. 429. [4] 
Mudway, I. S., & Kelly, F. J. (2000). Ozone and the lung: A sensitive issue. Molecular Aspects of Medicine, 21(1–2), 1–48. https://doi.org/10.1016/S0098-2997(00)00003-0. [5] Hayes, J. D., Flanagan, J. U., & Jowsey, I. R. (2005). 
Glutathione transferases. Annual Review of Pharmacology and Toxicology, 45, 51–88. [6] Finkelstein, J. N., & Johnston, C. J. (2004). Enhanced Sensitivity of the Postnatal Lung to Environmental Insults and Oxidant Stress. Pediatrics, 
113(4 II), 1092–1096. [7] London, S. J. (2007). Gene-air pollution interactions in asthma. Proceedings of the American Thoracic Society, 4(3), 217–220. https://doi.org/10.1513/pats.200701-031AW. [8] Otto-Knapp, R., Jurgovsky, K., 
Schierhorn, K., & Kunkel, G. (2003). Antioxidative enzymes in human nasal mucosa after exposure to ozone. Possible role of GSTM1 deficiency. Inflammation Research, 52(2), 51–55. https://doi.org/10.1007/s000110300000. [9] Romieu, 
I., Ramirez-Aguilar, M., Sienra-Monge, J. J., Moreno-Macías, H., del Rio-Navarro, B. E., David, G., ... London, S. (2006). GSTM1 and GSTP1 and respiratory health in asthmatic children exposed to ozone. European Respiratory Journal, 
28(5), 953–959. https://doi.org/10.1183/09031936.06.00114905. [10] Chan, J. K. W., Kodani, S. D., Charrier, J. G., Morin, D., Edwards, P. C., Anderson, D. S., ... Van Winkle, L. S. (2013). Age-specific effects on rat lung glutathione and 
antioxidant enzymes after inhaling ultrafine soot. American Journal of Respiratory Cell and Molecular Biology, 48(1), 114–124. https://doi.org/10.1165/rcmb.2012-0108OC. [11] Chan, J. K. W., Charrier, J. G., Kodani, S. D., Vogel, C. F., 
Kado, S. Y., Anderson, D. S., ... Van Winkle, L. S. (2013). Combustion-derived flame generated ultrafine soot generates reactive oxygen species and activates Nrf2 antioxidants differently in neonatal and adult rat lungs. Particle and Fibre
Toxicology, 10, 1–18. https://doi.org/10.1186/1743-8977-10-34. [12] Chan, J. K. W., Fanucchi, M. V., Anderson, D. S., Abid, A. D., Wallis, C. D., Dickinson, D. A., ... Van Winkle, L. S. (2011). Susceptibility to inhaled flame-generated ultrafine 
soot in neonatal and adult rat lungs. Toxicological Sciences, 124(2), 472–486. https://doi.org/10.1093/toxsci/kfr233. [13] Chan, J. K. W., Vogel, C. F., Baek, J., Kodani, S. D., Uppal, R. S., Bein, K. J., ... van Winkle, L. S. (2013). Combustion 
derived ultrafine particles induce cytochrome P-450 expression in specific lung compartments in the developing neonatal and adult rat. American Journal of Physiology - Lung Cellular and Molecular Physiology, 304(10), 665–677. 
https://doi.org/10.1152/ajplung.00370.2012. [14] Krzywanski DM, Dickinson DA, Iles KE, Wigley AF, Franklin CC, Liu RM, Kavanagh TJ, Forman HJ. Variable regulation of glutamate cysteine ligase subunit proteins affects glutathione 
biosynthesis in re- sponse to oxidative stress. Arch Biochem Biophys 2004;423:116–125. [15] Sutherland KM, Edwards PC, Combs TJ, Van Winkle LS. Sex differ- ences in the development of airway epithelial tolerance to naphtha- lene. 
Am J Physiol Lung Cell Mol Physiol 2012;302:L68–L81. [16] Evans MJ, Johnson LV, Stephens RJ, Freeman G. Renewal of the terminal bronchiolar epithelium in the rat following exposure to NO2 or O3. Laboratory Investigation; a Journal 
of Technical Methods and Pathology. 1976 Sep;35(3):246-257. PMID: 957607.

Animals were necropsied and lungs were examined immediately after the end of the exposure (28 days of 
age). We quantified CC10, GST-pi, GCLC, and GCLM using qRT-PCR. One lung lobe from rats in the above 
exposure study was inflated with stabilization solution and microdissected to distinguish airways and alveoli 
(Approach, Panel C). RNA from samples were isolated, reverse transcribed into DNA , and qRT-PCR was run 
using commercially available probes and primers.

One lung lobe from rats from the above exposure study was inflated with formaldehyde vapor and embedded 
in paraffin. Paraffin sections were stained with primary antibodies for CC10 and GST-pi. We then used a 
secondary antibody to stain primary antibodies in order to visualize site-specific enzyme distribution within the 
microdissected lung. 
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CC10 gene downregulation in the distal airways demonstrates ozone’s expected site-specific effects and emphasizes 
the need for site-specific investigation of gene expression in the lung. 

GST-pi may be upregulated on O3 treated rats, especially in the distal lung. This upregulation represents an 
appropriate antioxidant response in neonates to ozone. Given GST-pi’s detoxifying role via direct conjugation of GSH
to oxidants, detoxification of ozone may be functional in neonates, contrary to our hypothesis. This functionality may
instead implicate mechanisms other than antioxidant response (e.g. immature immune response, alveolar 
development) to early life ozone exposure-induced lung structural changes. 

However, gene expression of enzymes involved in the rate-limiting step of GSH de novo synthesis (GCLM and GCLC) 
was not upregulated, as would be expected given the oxidant challenge. Failure to upregulate GCL and thus GSH de 
novo synthesis may indicate an attenuated antioxidant response, as hypothesized, and may result in GSH depletion. 
These results emphasize the importance of direct measurements of GSH in further studies.

Our results suggest that neonates may not be able to upregulate GSH de novo synthesis and may implicate neonatal 
antioxidant response in ozone-induced damage in the distal lung. 

Sixteen adult lactating female rats Harlan Sprague-Dawley rats with litters 
of 8 pups were randomly divided into ozone (O3) and filtered air (FA) 
exposed groups (Specific Aims, Panel A). Half the dams with pups were 
exposed to ozone 5 days per week at 0.5 ppm in whole body chambers 
and the other half was exposed to FA (Approach, Panel B). 
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Figure 2: In situ distribution and abundance of CC10 and GST-pi in airways (AW) and terminal 
bronchioles (TB) of FA and O3 treated rats. CC10 distribution is altered in TB of O3 treated rats, 
indicating Club cell injury or de-differentiation. While FA-treated rats display regularly distributed Club 
cells, O3 treated rats have gaps (black arrowheads). GST-pi abundance is increased in TB of O3 treated 
rats, especially females.
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