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Abstract 

 

The lung tissue is one of the main targets of oxidative stress due to external sources and 

respiratory activity. In our previous work we have demonstrated in that O3 exposure alters the 

Cl
-
 current-voltage relationship, with the appearance of a large outward rectifier component 

mainly sustained by ORCCs (Outward Rectifier Chloride Channel) in human lung epithelial 

cells (A549 line). In the present study we have performed patch clamp experiments, in order 

to identify which one of the O3 byproducts (4HNE and/or H2O2) was responsible for chloride 

current change. While 4HNE exposition (up to 25µM for 1h before electrophysiological 

analysis) did not reproduce O3 effect, H2O2 produced by Glucose Oxidase 10mU for 24h 

before electrophysiological analysis, mimicked O3 response. This result was confirmed 

treating the cell with catalase (CAT) before O3 exposure (1000 U/ml for 2h): CAT was able to 

rescue Cl
-
 current alteration. 

Since CAT is regulated by Nrf2 transcription factor, we pre-treated the cells with the Nrf2 

activators, Resveratrol and tBHQ. Immunochemical and immunocytochemical results showed 

Nrf2 activation with both substances that lead to prevent OS effect on Cl
-
 current. 

These data bring new insights on the mechanisms involved in OS induced lung tissue damage 

by OS, pointing out the role of H2O2 in chloride current alteration and the ability of Nfr2 

activation in preventing this effect.  
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INTRODUCTION  

 

Urban pollution is of main public health concern as it affects every living organism on Earth. 

It has been reported that about 80% of the world's population breathe continuously air whose 

pollution levels are considered by the World Health Organization extremely dangerous to 

health. (OECD, 2011). 

This trend is also true in Europe, as a recent report by the EU commission noted that 9 out of 

10 city dwellers are exposed to highly polluted air 

(http://www.eea.europa.eu/themes/air/air-pollution-country-fact-sheets-2014) 

 The pollution impact will be amplified further in the future by the urbanization megatrend, 

since 70% of the world’s population is expected to be urban by 2050 (Wilson, 2012).  

As well known, atmospheric pollution is an environmental phenomenon due to the presence 

into the air of different elements, among which the most toxic are particulate matters, 

cigarette smoke and ozone (Bernstain et al., 2004).  

Lung apparatus, being one of the main target of the outdoor stressors, is one of the organs 

most damaged by air pollution. It is indeed known that breathing polluted air favors the 

development of pathologies such as asthma, emphysema, chronic obstructive pulmonary 

disease and also lung cancer (Ling and van Eeden, 2009; Lopez-Campos et al., 2016). In 

the present work,  we have focuses on the harmful effects of tropospheric ozone (O3) on the 

lung epithelium. This gas is a widespread secondary pollutant formed by photochemical 

reactions between nitrogen oxides and volatile organic compounds. Exposure of respiratory 

epithelial cells to high concentrations of O3 causes significant damage throughout the whole 

respiratory tract, however the deepest airways such as bronchioles and alveolar region seem to 

be the most affected (Harkema et al., 1987, Stenfors  et al., 2002). 

The main toxicological effects associated with O3 inhalation, include decreased lung function, 

inflammation of the airways, defective defense mechanisms, higher incidence of respiratory 

infections and increase and worsening of lung disease (Ciencewicki et al., 2008). Ozone 

causes cell damage by production of reactive oxygen species (ROS)  (Cross et al., 2002). 

These compounds comprise a wide variety of highly reactive metabolites derived from 

molecular oxygen such as superoxide anion, hydrogen peroxide, and hydroxyl radical and are 

responsible for numerous and serious damages to DNA, lipids and proteins (Pryor et al., 

1991). However, cells are able to prevent the accumulation of  ROS by maintaining a proper 

balance between their formation and elimination. These mechanisms include non-enzymatic 

molecules such as glutathione, vitamins A, C and E and flavonoids in addition to enzymatic 
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systems such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase 

(GPx). When the antioxidant capacity of the cell cannot neutralize the excessive production of 

reactive oxygen species, it is subjected to oxidative stress (Halliwell and Gutteridge, 2007). 

In the lungs, in particular, O3 reacts with the Epithelial lung Lining Fluid (ELF) producing 

several byproducts, specially hydrogen peroxide and 4-hydroxynonenale (4HNE), able to 

promote oxidative damage (Widdicombe and Widdicombe, 1995; Frampton MW et al., 

1999).  Both, H2O2 and 4HNE has been shown to stimulate the endogenous cellular defensive 

system by the activation of (Nuclear erythroid-related factor 2) Nrf2 pathway  (Pecorelli et 

al., 2013).  The Keap1-Nrf2-ARE pathway plays a crucial role in protecting cells against 

stress conditions caused by endogenous or exogenous agents (Kwak et al., 2004). Under 

inactivity, the Keap1 protein, predominantly localized in the cytoplasm, binds the Nrf2 

transcription factor lowering its half-life to only 20 minutes (Itoh et al., 1999b; McMahon et 

al., 2003; Loboda et al. , 2016). When, on the other hand, cellular stimuli of oxidative nature 

occur, Keap1 undergoes modifications leading to the release of Nrf2 and its stabilization with 

up to 200 minutes half-life (Ahmed et al ., 2017) so that, Nrf2 can rapidly move into the 

nucleus where it binds to the DNA ARE sequences, causing an increase in the transcription of 

genes encoding for antioxidant enzymes (Talalay et al., 2003). At today many compounds 

have been shown to activate Nrf2, among them Resveratrol and Tert-butylhydroquinone, have 

been shown to be the best induce of this cellular pathway (Pervaiz, 2003; Pokorny et al., 

2001). Lung activation of Nrf2 has been involved also in the protection of the respiratory tract 

against pollution oxidative damage (Ciencewicki et al., 2008). 

Injury to type II pneumocytes, the only cells secreting ELF, can alter the whole defensive 

mechanism of the airways against environmental stressors (Akella and Deshpande, 2013). 

ELF secretion is a delicate process that requires the integrity of the cell membrane ion 

channels (Shabbir et al., 2013). Epithelial chloride channels play a key role in regulating the 

surfactant ionic composition by controlling the movements of Cl
-
, one of main extracellular 

fluid ion (Cuppoletti et al., 2000). Type II cells have different chloride channel classes, 

among which ORCC (Outward Rectifier Chloride Channel) have been shown to be mainly 

involved in oxidative stress cellular response (Canella et al., 2017). ORCCs are widespread 

in the body (Martins et al., 2011) and their ability to be activated under oxidative stress has 

been well documented (Shimizu et al., 2004).  

Therefore, in this paper, after the identification of hydrogen peroxide as the main byproduct 

of ozone induced chloride channel alteration, we demonstrated the ability of CAT 

exogenously administrated or induced by RSV and tBHQ through the Keap1-Nrf2-ARE 
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pathway, to protect the chloride channel functionality when exposed to ozone. In addition, it 

has now demonstrated that redox cellular homeostasis is maintained by the cross-talk between 

Nrf2 and NF-kB (Buelna-Chontal  and Zazueta  2013), for this reason in the present work, 

also the involvement of NF-kB activation under the proposed experimental conditions has 

been evaluated. 
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MATERIALS AND METHODS 

 

Cell culture and treatments 

The A-549 (A549: ATCC; Manassas, VA) was cultured in Dulbecco's modified Eagle 

medium high glucose (DMEM, Lonza®, Milan, Italy) supplemented with 10% fetal bovine 

serum (FBS, EuroClone, Milan, Italy), L-glutamine at 1% (Lonza, Milan, Italy) and 

antibiotics Penicillin (100 U / ml) and Streptomycin (100 µg / ml) at 1% (Lonza, Milan, Italy). 

The cells were then kept in an incubator at a temperature of 37 ° C with 95% humidity and 

5% CO2 until the ideal confluence was reached as previously described (Valacchi  et al., 

2011). A549 cells were treated with 4-hydroxy-2-nonenal (4HNE, 25 µM for 30’; 

Calbiochem, LaJolla, CA), glucose oxidase (GO, 10 U/ml for 24h; type II from Aspergillus 

niger,15.5 U/g; Calbiochem, La Jolla, CA) or pretreated with PEG-catalase (PEG-CAT, 1000 

U/ml for 2h; SIGMA) or resveratrol (10 µM for 24h; SIGMA) or tert-butylhydroquinone 

(tBHQ, 10 µM for 24h; SIGMA) before O3 exposure.  

 

Exposure to Ozone 

The cells were exposed to ozone at a concentration of 0.1 ppm for 30 minutes at 37 ° C. 

Briefly, O3 was obtained by O2 subjected to an electric discharge (Ozonizer International 

Model ECO3, CUV-01, Turin, Italy) and allowed to flow into the teflon coated exposure 

chamber at a constantly monitored concentration by a specific O3 detector. Temperature and 

humidity are also monitored (37 ° C and 45-55% respectively). The O3 dose and the exposure 

time were determined by the current literature on O3 pollution levels and on our recent 

publications (Valacchi et al., 2015).  

 

Resveratrol and tBHQ treatments 

For both, resveratrol (RSV) (SIGMA, Milan Italy)  and tBQH (SIGMA, Milan Italy), 

cytotoxicity curve, ranging from 0.1 µM to 50 µM, was performed.  

RSV was dissolved in absolute EtOH to obtain a 10 mM stock-solution and tBHQ was 

prepared in DMSO to obtain a 100 mM stock-solution. Based on the cytotoxicity experiments 

and the literature (Plauth et al., 2016; Sticozzi et al., 2014; Takashina et al., 2017; Gharavi 

et El-Kadi, 2005; Li et al., 2005), the experiments were performed at 10 µM for both 

compounds.  
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Cytotoxicity determination 

Cytotoxicity study was performed after the different treatments by measurement of LDH 

(lactate dehydrogenase) release according to manufacturer’s protocol (EuroClone, Milan, 

Italy). In order to obtain a representative maximal LDH release as the positive control with 

100% toxicity, a triplicate set of samples were lysed with 2% (V/V) Triton X-100 in culture 

media for 30 min at 37 °C. 

 

Nuclear-cytosolic proteins extraction 

For cytoplasmic and nuclear extracts, cells were seeded in 100 mm petri (3 × 10
6
 cells). After 

treatments, cells were detached, washed with ice-cold PBS 1X and cell pellets were 

resuspended in hypotonic buffer containing 10 mmol/l HEPES (pH 7.9), 10 mmol/l KCl, 

1.5 mmol/l MgCl2, 0.3% Nonidet P-40, 0.5 mmol/l dithithreitiol, 0.5 mmol/l phenyl-methyl-

sulphonyl fluoride and protease and phosphatase inhibitor cocktails. The lysates were 

incubated for 15 min on ice and then centrifuged at 1500 × g for 5 min at 4 °C for collection 

of the supernatant containing cytosolic proteins. Supernatants were further centrifuged for 

15 min at 24,500 × g. Pellets containing the nuclei were resuspended in extraction buffer 

containing 20 mmol/l HEPES (pH 7.9), 1.5 mmol/l MgCl2, 0.6 mol/l KCl, 0.2 mmol/l EDTA, 

20% glycerol, 0.5 mmol/l phenyl-methyl-sulphonyl fluoride and protease and phosphatse 

inhibitor cocktails, and then incubated for 30 min on ice. Samples were centrifuged at 

21,100 × g for 15 min to obtain supernatants containing nuclear fractions. Proteins 

concentration was determined by Bradford analysis (Biorad protein assay; Biorad, Milan, 

Italy). 

 

Western blot analysis 

After protein quantification, 60 µg boiled proteins were loaded into 10% sodium dodecyl 

sulphate-polycrylamide electrophoresis gels and separated by molecular size. Gels were 

electro-blotted onto nitrocellulose membranes and then blocked for 90 min in Tris-buffered 

saline, pH 7.5, containing 0.5% Tween 20 and 5% (w/v) skim milk powder. Membranes were 

incubated overnight at 4 °C with the appropriate primary antibody: Nrf2 diluted 1:1000 

(Millipore, Billerica, Massachusetts) or NF-kB diluted 1:1000 (Millipore, Billerica, 

Massachusetts). The membranes were finally incubated with the peroxidase-conjugated 

secondary anti-Rabbit antibody (1:5000) for 1 h. The bound antibodies were detected by 

chemiluminescence (Biorad, Milan, Italy). β-Actin was used as loading control. Images of the 
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bands were digitized using an Epson Stylus SX405 scanner and the densitometry analysis was 

performed using Image-J software. 

 

Immunocytochemistry  

A549 cells were grown on coverslips at a density of 1 × 10
5
 cells/ml, and after treatment fixed 

in 4% paraformaldehyde for 30 min at room temperature (RT). Cells were then permeabilized 

for 5 min at RT with PBS containing 0.2% Triton X-100, then the coverslips were blocked in 

PBS containing 1% BSA at RT for 1h. Coverslips were then incubated with primary antibody 

(1.200) in PBS containing 0.5% BSA at 4°C overnight. After washing, coverslips were 

incubated with appropriate secondary antibody (1:100) for 1 h at RT. Nuclei were stained 

with 1 µg/ml DAPI (Sigma- Aldrich) for 1 min. Coverslips were mounted onto glass slides 

using anti-fade mounting medium 1,4 diazabicyclooctane (DABCO) in glycerine and 

examined by the Leica light microscope equipped with epifluorescence at × 630 

magnification. Negative controls for the immunostaining experiments were performed by 

omitting primary antibodies. Images were acquired and analyzed with Leica software. 

 

Patch Clamp Technique 

Patch pipettes were pulled from glass capillaries with 1.0 mm outer diameter using a 

micropipette puller (NARISHIGE Instruments, Japan, mod PP-830), fire-polished (tip 

resistance between 2 and 5 M) and filled with an intracellular solution.  

To isolate chloride current intra and extracellular solutions were changed as follows: 

intracellular solution containing (in mM) 1 MgCl2, 10 HEPES, 5 EGTA and 130 CsCl; pH 

was adjusted with TEAOH up to the value of 7.4; extracellular solution containing (in mM) 

135 NaCl, 1.8 CaCl2, 1 MgCl2, 5.4 KCl, 10 glucose and 10 HEPES; the pH was adjusted 

with NaOH until the value of 7.35. 

Osmolality was adjusted with sucrose to obtain values between 300 and 310 mOsm/Kg. Cells 

were viewed through a TV monitor connected to a contrast enhanced video camera (T.I.L.L. 

Photonics, Planegg, Germany). The camera was coupled to an inverted microscope (Olympus 

IMT-2, Tokyo, Japan) equipped with a 40× Hoffman-modulation contrast objective. 

After a gigaseal had been formed, intracellular access was established by suction. 

Whole cell currents were elicited by voltage-clamp pulses (1,400 ms duration) between +70 

and -110 mV in 20mV increments from a beginning holding potential of -30 mV. 

The voltage protocol and data acquisition were performed with Digidata card 1322A and 

pClamp package (version 9.0). The currents were recorded with a commercial patch clamp 
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amplifier (EPC-7; Consumer E-List, Darmstadt, Germany); the recordings were filtered at 5 

kHz and acquired at 5 (total current) and 10 kHz (chloride current) and stored on disk. 

 

Data analysis and statistical procedures 

Data are reported in the text and figures as mean ± SEM. The control-treated comparisons 

were made with GraphPad Prism v.5, and the significance of  P values were reported in the 

text and figures (two-way ANOVA or one-way ANOVA for set of data; significant 

differences for P <0.05) 
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RESULTS 

H2O2 simulates ozone induced chloride currents 

As a follow up of our previous work in which we were able to demonstrate that O3 exposure 

is able to alter chloride currents (Canella et al. 2017), we want to better understand the 

byproducts that are responsible for this effect. As mentioned above, since O3 is too reactive to 

penetrate the cells, the main byproducts formed by its interaction with the cellular membrane 

are H2O2 and aldehydes, such as 4HNE. Therefore, A549 cells were treated with 4HNE (25 

µM for 30’) and Glucose Oxidase (GO, 10 U/ml for 24h) to produce H2O2, before performing 

the patch clamp experiments. In Fig.1 it is shown the comparison between current traces of 

control cell (panel A) and O3 exposed cell (panel B) respect to the current traces of cells 

treated with 4HNE or GO (Fig.1 C-D).  

It is evident that treatment with 4HNE (panel C) do not affect the time course and the 

amplitude of currents, while treatment with GO (panel D) seems to replicate the effect of O3. 

This result has been confirmed by the I-V curves obtained from the cell samples (4HNE, n=6; 

GO, n=5) shown in panel E-F. The only curve significantly deviating from control is indeed 

the one obtained after GO treatment (two-way ANOVA, P<0.001). 

These data indicate that hydrogen peroxide is able to trigger the increase of the chloride 

current as observed after O3 exposure.  In order to validate this result, we pre-treated the cells 

with PEG-catalase (1000 U/ml for 2h), enzyme able to decompose H2O2 in oxygen and water, 

before exposing them to O3. 

Fig.2 shows the comparison between the traces obtained from a control cell (A) and a cell 

exposed to ozone (B), with those obtained pre-treating the cell with PEG-catalase and then 

exposing it to O3 (C). As depicted in the plots, there were no evident changes of amplitude, 

rising and falling phase between control and the PEG-catalase pre-treated cell. Panel D shows 

the mean I-V curves obtained from control sample, O3 exposed sample and PEG-catalase pre-

treated sample exposed to O3 (n=5): the control curve and the PEG-catalase curve are not 

statistically different (Two-way ANOVA test).  

 

Nrf2 involvement 

Based on the results obtained from treating the cells with CAT, we want to further confirm the 

involvement of H2O2 in O3 induced chloride currents alteration. Therefore, we decided to treat 

the A549 cells with 2 compounds, resveratrol (RSV) and tert-butylhydroquinone (tBHQ), that 

can promote endogenous expression of CAT, through the activation of Nrf2, a key 

transcription factor involved in the activation of the cellular antioxidant defense pathway.  
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To test whether RSV or tBHQ exert any cytotoxic action on A549 cells, media of samples 

were collected and lactate dehydrogenase (LDH) release was determined after 24 hours for 

doses ranging from 0.1 µM to 50 µM for both compounds. 

As shown in Fig.3 there was no significant cytotoxicity induced by both RSV (A) and tBHT 

(B) with all the doses tested (one-way ANOVA). 

Based on the results of the cytotoxicity assay, morphological analysis (data not shown) and 

data in the literature (Plauth et al., 2016; Sticozzi et al., 2014; Takashina et al., 2017; 

Gharavi et El-Kadi, 2005; Li et al., 2005), the further experiments have been performed at 

the dose of 10 µM for both compounds.  

Therefore, the next step has been to check  whether RSV and tBHQ can have an effect on 

chloride currents. For this purpose, cells were pre-incubated for 24 hours with RSV or tBHQ 

before patch-clump experiments. In Fig.3C the I-V curves for control cells, RSV (n=7) and 

tBHQ (n=6) cells are described and it is possible to notice that there was not any significant 

difference between treated groups and control (Two-way ANOVA test) demonstrating that 

RSV and tBHQ have no direct effect on the analyzed currents. 

 

Activation of Nrf-2 pathway by Resveratrol and tBHQ  

The results in Fig.4B showed that, RSV and tBHQ treatment increases significantly Nrf2 

nuclear levels (***), suggesting their ability to induce Nrf2 translocation to the nucleus. This 

was evidenced by both, immunofluorescence (Fig.4 A-B) and Western blot analysis (Fig. 4C). 

By the images quantification, it was noticed that nuclear contents of Nrf2 in RSV and tBHQ 

cells were even higher than the control (###) and O3 exposed cells (°°°) (one-way ANOVA 

test *** = p < 0.001; ### = p < 0.001; °°° = p < 0.001). 

This indicates that the defensive cellular response is somehow less efficient after O3 exposure 

than when the cells are treated with RSV or tBHQ. 

Immunochemistry analysis (Fig.4C) confirms the results, with nuclear factor levels higher in 

tBHQ and RSV treated cells compared to controls and exposed cells (one-way ANOVA test; 

*** = p < 0.001; ### = p < 0.001). 

 

Modulation of ozone induced chloride current alteration by RSV and tBHQ treatment  

The I-V curves of control cells, ozone exposed cells and Resveratrol pre-treated before ozone 

expososure(n=6) are described in Fig.5A; while in Fig.5B are depicted the I-V curves of the 

control group, ozone group and the group pre-treated with tBHQ before being exposed to 
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ozone (n=5). Two-way ANOVA test between control and pre-treated groups are not 

significant.  

These functional results indicate that both RSV and tBHQ are able prevent the changes in 

chloride currents induced by ozone. 

 

Effect of resveratrol and tBHQ on NF-kB activation 

The pro-inflammatory effect of ozone on lungs has been well demonstrated and recently a 

cross-talk between Nrf2 and NF-kB has also been suggested. Therefore, we perform 

experiments aim to evaluate also the involvement of RSV and tBHQ on O3 induced NF-kB 

activation. 

As shown in Fig.6, immunochemical analysis showed that O3 was able to clearly induce NF-

kB activation (nuclear translocation) respect to the control (One-way ANOVA test; *** = p < 

0.001). This effect was prevented by the treatment with RSV and tBHQ (One-way ANOVA 

test; ### = p < 0.001) to consolidate indirectly the link between oxidative stress, inflammation 

and chloride currents.  
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DISCUSSION 

Among the pollutants that are present in the troposphere, ozone is one of the most toxic being 

formed by the photochemical smog as a consequence of the interaction between UV light and 

the so called “ozone precursors” nitrogen oxides (NOx), carbon monoxide (CO) and volatile 

organic compounds (VOCs) (Bromberg, 2016). Being a gas, the lung is the main site of 

ozone effects. Ozone inhalation has been demonstrated to cause airway inflammation in both 

human and animal studies (Basha et al., 1994; Devlin et al., 1991, 1996). The main 

consequence of a “toxic” ozone exposure can be summarized in airway narrowing, 

decrements in lung function and epithelial cell barrier function (Bromberg, 2016). In a recent 

paper our group was able to show that ozone is also able to affect chloride current in lung 

epithelial cells although the mechanism responsible for this effect was not investigated 

(Canella et al. 2017). Ozone is not a radical per se, but it is a very highly reactive oxidant 

able to react rapidly with C=C double bonds of compounds present in the lung lining fluid 

(phospholipids, cholesterol and cholesteryl esters) to form a primary ozonide. It has been 

postulated that O3 does not react directly with the apical membrane of epithelial cells in 

conducting airways where the bulk of O3 uptake takes place since it is not able to penetrate 

more than about 0.1 µm into the ASL (Pryor et al., 1991) although more recently Miller et al. 

have estimate that most likely ozone is able to penetrate even deeper than 0.1 um, suggesting 

about 3 µm, which would allow molecular ozone to reach the epithelial surface in bronchioles 

(Miller et al., 1985). 

Either by penetrating or by reacting with extracellular molecules it has been clearly shown 

that ozone is able to react with unsaturated fatty acid residues resulting in the formation of a 

secondary (Criegee) ozonide and hydroxyhydroperoxide that are the first mediators of  ozone 

“cascade effect” leading to the formation of H2O2 e aldheydes. These hydrophilic products, 

which have been shown to mediate O3 toxicity. 

Therefore, starting from the observation that ozone exposure of A549 cells is able to modulate 

chloride current (Canella et al., 2017), we have first tried to identify whether H2O2 and/or 

4HNE could be the responsible molecules for ozone effect. 

Our investigation identified H2O2 as the main chloride current mediator of ozone induced 

chloride current alteration. Indeed, treating cells with 4HNE did not have any effect on  the 

outward rectifier component (Bankar et al., 2009). This result was further confirmed by the 

administration of catalase to the cells before their exposure to ozone. Catalase is part of the 

phase II enzymes whose antioxidant function is widely known (Itoh et al., 1999a) and it is 
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able to reduce H2O2 in water and oxygen. Pre-treatment of cells with this enzyme, has led to a 

complete recovery of the function of chloride channel modulated by ozone, bringing current 

levels to physiological values. This is not the first evidence of the ability of H2O2 to alter 

cellular elettrophysiology, indeed, Filipovic DM and Reeves WB were able to show that H2O2 

produced a six fold increase in the whole renal cell conductance (Filipovic et al., 1997.) 

suggesting that oxidative stress induced by H2O2 can affect cellular electrophysiological 

status. 

Considering the effect of CAT on ozone induced chloride current alteration, we tried to 

trigger the endogenous antioxidant pathway of the cell, by administrating compounds able to 

induce the activation of Nrf2, transcription factor that regulates CAT expression (Talalay et 

al., 2003). Based on the literature, the use of both RSV and tBHQ was investigated (Satoh et 

al., 2013, Li et al. 2017) and our results confirmed their ability to induce Nrf2 activation.  

Resveratrol capacity to protect A549 cells against exogenous oxidative stress has been already 

shown and the results are in line with our work. Indeed, Kode et al. (2008) were able to 

provide evidences that RSV is able to prevent cigarette smoke induced toxicity in the same 

cellular model by the activation of Nrf2 pathways by restoring GSH cellular depletion. In our 

case it is more likely that the effect of ozone on chloride channel is linked to CAT activity as 

the exogenous treatment with peg-CAT was able to restore the physiological chloride 

currents.  

Immunocytochemical and immunochemical analysis have shown that both tBHQ and RSV 

are able to increase the Nrf2 nucleus translocation in a very effective time and this result 

would explain why, at a functional level, pre-treatment with both compounds prevents the 

chloride current from being altered after ozone exposure.  

Because cellular homeostasis is tightly regulated by the cross-talk between redox and 

inflammatory processed of which Nrf2 and NFkB are the main respective players (Wardyn et 

al., 2015), finally we investigated the possible role of RSV and tBHQ in regulating NF-kB 

(nucleus factor kappa-light-chain-enhancer of B cells) in A549 cells. This protein is involved 

in the control of the transcription of a wide variety of genes that regulate inflammatory 

response through the synthesis of cytokines, chemokines, adhesion molecules and other 

protein compounds (Van Den Berg et al., 2001). As observed for Nrf2, also in this case, 

ozone is responsible for the activation of NF-kB which determines the formation of a dimer, 

or active protein form (p50 / p65), that migrates into the nucleus, leading to the transcription 

of target genes involved in the inflammatory process. From the immunochemical analysis 

emerged that in the cells treated with RSV or tBHQ and eventually exposed to ozone for 30 
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minutes, the NF-kB nuclear expression levels are lower or comparable to the control 

condition. This result suggests that tBHQ and RSV may also have a possible anti-

inflammatory role that occurs precisely through a reduction in activation and migration of NF-

kB into the nucleus. Therefore, the defensive effect could be a consequence of a direct 

activation of Nrf2 and/or an inhibition of NFkB which negatively regulates Nrf2. 

In conclusion these data bring new insights into the mechanisms involved in oxidative stress 

induced pulmonary tissue damage, highlighting the role of hydrogen peroxide in the alteration 

of the chloride current and the ability of the cell to modulate membrane currents by means of 

antioxidant response, by the activation of Nrf2 factor. Moreover, the observed nuclear 

decrease of NF-kB expression level, suggests that NF-kB activation could be attenuated by 

different Nrf2 activators. This finding represents an important step to better understand the 

complex cross-talk between antioxidant and anti-inflammatory pathways in order to ensure 

cellular homeostasis under oxidative stress conditions and for the first time to our knowledge 

suggest a redox regulation of chloride channel in lung epithelial cells. 
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Fig. 1: Representative families of chloride recording currents in control condition (A), after exposure to O3 
(B), after 4HNE (C), and GO (D) treatments. Panel E: current-voltage relationship of control (n = 11), 

exposed to O3 (n = 5) and treated with 4HNE (n = 6) cells. Panel F: current-voltage relationship of control 

(n = 11), exposed to O3 (n = 5), treated with H2O2 (n = 7) and treated with GO cells (n = 5). The 
comparison between the control group and the treated groups was not significant; the comparison between 

control group and GO treated group is very significant (Two-way ANOVA, P < 0.001).  
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Fig. 2 Panels A, B, C: Examples of current trace recordings obtained from a control cell, a cell exposed to O3 
and a cell treated with PEG-catalase and subsequently exposed to Ozone, respectively.  

Panel D: Current-voltage curves of control cells (n = 11), cells treated with O3 (n = 5) and cells treated with 

PEG-Catalase and O3 (n = 5). Comparison between controls and cells treated with PEG-catalase + O3 was 
performed with two-way ANOVA and was not significant  
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Fig. 3: Cytotoxicity assay of LDH release in A549 cells treated with resveratrol (A) and tBHQ (B) at different 
doses. Panel C: Current-Voltage relationship of control cells (n = 11) treated with Resveratrol cells (n = 7) 

and treated with tBHQ (n = 6) cells.  
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Fig. 4: Representative images of immunocytochemistry for Nrf2 in A-549 cells: (a) fitc 40x, (b) 40x daps, 
(c) merge 40x under the various experimental conditions. Panel B: Immunocytochemical analysis of Nrf2 

nuclear and cytoplasmic expression levels in control group (C-); exposed to O3 group; tBHQ treated group; 

tBHQ pre-treated and O3 exposed group; RSV treated group; RSV pre-treated and O3 exposed group. Data 
were normalized with respect to the O3 treated sample and expressed as arbitrary units ± SEM. Panel C: 

Western blot analysis. Nuclear expression of Nrf2 protein in control group (C-); exposed to O3 group; tBHQ 
treated group; tBHQ pre-treated and O3 exposed group; RSV treated group; RSV pre-treated and O3 

exposed group. Above, a typical Western blot for Nfr2 is shown, with laminin (loading control); below the 
quantification of the obtained bands are represented; data are expressed as arbitrary units, mean ± SEM.  

Statistical test one-way-ANOVA.  
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Figure 5: (A) current-voltage curves of control cells (n = 11), exposed to ozone (n = 5) and treated with 
Resveratrol + O3 (n = 6) cells; (B) current-voltage curves of control cells (n = 11), exposed to ozone (n = 
5) and treated with tBHQ + O3 (n = 6). The comparisons between the control group and the treated groups 

were not significant (Two-way ANOVA).  
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Fig. 6: Nucleic expression of NF-kB protein in A549 cells exposed to O3, treated with tBHQ/Resveratrol, 
treated with tBHQ/Resveratrol + O3. In the upper panel a typical Western blot for NF-kB is shown, with its 
loading control. In the lower panel the quantification of the obtained bands is described; data are expressed 

in arbitrary units as mean ± SEM. Statistical test One-way ANOVA.  
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