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Abstract: There is considerable evidence that cigarette smoking is the primary etiology of chronic 

obstructive pulmonary disease (COPD), and that oxidative stress occurs in COPD with the family of 

tissue nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox) enzymes playing a 

significant role in lung pathogenesis. The purpose of this study was to determine the effects of cigarette 

smoke extract (CSE) on Nox signaling to epithelial sodium channels (ENaCs). Pre-treatment with 

diphenyleneiodonium (DPI), a pan-Nox inhibitor, prevented stimulatory effects of CSE on ENaC 

activity; open probability (Po) changed from 0.36 ± 0.09 to 0.11 ± 0.02; n = 10, p = 0.01 following 

CSE and DPI exposure. Likewise, Fulvene-5 (which inhibits Nox2 and Nox4 isoforms) decreased the 

number of ENaC per patch (from 2.75 ± 0.25 to 1 ± 0.5, n = 9, p = 0.002) and open probability (0.18 

± 0.08 to 0.02 ± 0.08, p = 0.04). Cycloheximide chase assays show that CSE exposure prevented α-

ENaC subunit degradation, whereas concurrent CSE exposure in the presence of Nox inhibitor, 

Fulvene 5, resulted in normal proteolytic degradation of α-ENaC protein in primary isolated lung cells. 

In vivo, co-instillation of CSE and Nox inhibitor promoted alveolar flooding in C57Bl6 mice compared 

to accelerated rates of fluid clearance observed in CSE alone instilled lungs. Real-time PCR indicates 

that mRNA levels of Nox2 were unaffected by CSE treatment while Nox4 transcript levels 

significantly increased 3.5 fold in response to CSE. Data indicate that CSE is an agonist of Nox4 

enzymatic activity, and that CSE-mediated Nox4 plays an important role in altering lung ENaC activity. 
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1. Introduction 

 

Epithelial sodium channels (ENaCs) are composed of three homologous subunits (α, β and γ) and 

are expressed in tight epithelia lining the luminal surface of the kidney, colon, and lung [1]. ENaC 

functions to absorb Na+ at the apical membrane, which is then extruded via the basolaterally located 

Na+-K+ ATPase pump to generate an osmotic gradient that facilitates the movement of water. In the 

kidney, ENaC plays an important role in maintaining cell volume and total body fluid homeostasis. In 

the airways and alveoli, ENaC plays a critically important role in regulating the volume of fluid lining 

lung epithelia. The importance of studying lung ENaC and pulmonary pathogenesis has been shown 

in α-ENaC knockout mice that die within 40 hours of birth due to an inability to clear lung fluid [2,3]. 

This animal model highlights the sodium channel’s critically important role in edematous lung injury. 

ENaC has also been shown to play an important role in airway surface dehydration and pulmonary 

pathogenesis [4-6]; hyper-ENaC activity results in excessively thick mucus in the lungs and increases 

susceptibility to infection and ultimately inflammation and acute lung injury. Since the rate of 

movement of Na+ from the apical membrane to the basolateral compartment translates into net 

movement of water across the epithelium, it is important to gain a better understanding of molecular 

regulators of ENaC number (N) and open probability (Po). We have previously shown that a family of 

Nox enzymes plays an important role in regulating ENaC NPo [7,8], however the effects of Nox 

enzymatic activity remain unclear. 

Nox enzymes are membrane bound complexes that generate reactive oxygen species. There are 7 

isoforms (reviewed in [9-11]) and each isoform is believed to be coupled to different agonists thereby 

promoting varied and specific physiological responses. We, and others, have shown that Rac-1 

dependent and constitutively active Nox isoforms (Nox 2 and Nox 4, respectively) have permissive 

effects on lung and kidney ENaC activity [8,12,13]. In this study, we hypothesize that CSE is an agonist 

of Nox enzyme activity, and show that the Nox4 isoform amplifies oxidative stress by generating more 

ROS, which ultimately leads to lung cell dysfunction.  

Although smoking and oxidative stress are clear factors in the pathogenesis of COPD [14,15], the 

patho-mechanisms that ultimately lead to airflow obstruction and lung injury are not clear. Cigarette 

smoke extract (CSE) has been shown to increase Na+ transport across airway epithelia [16]. Similarly,  

Nox-derived ROS plays a permissive role in ENaC regulation [7,8,12,13]. Whether CSE activates 

tissue Nox enzyme activity has not been specifically addressed. Herein, we characterized the putative 

roles of Nox2 and Nox4 regulation of ENaC in lung injury and pulmonary disorders that can be 

attributed to cigarette smoke exposure using single channel analysis and real time measurements of 

lung fluid clearance.  

 

2. Materials and methods 

 

Animals and primary cell isolation. All procedures were approved by the institutional animal care 

and use committee and uphold the guidelines set forth by the National Institute of Health. Animals had 

ad libitum access to water and standard chow.  

Eight to ten week old male Sprague Dawley rats were purchased from Charles River (Wilmington, 
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MA) and used for the isolation of alveolar type 1 (T1) and type 2 (T2) cells. Rat lung tissue slices and 

primary pneumocytes were prepared using previously published protocols referenced in [12,17], 

respectively. Twelve-week old female C56Bl/6 mice were purchased from Jackson Laboratory (Bar 

Harbor, ME) for lung fluid clearance studies, described below.  

Reagents. Unless stated otherwise all reagents were purchased from Sigma-Aldrich Chemicals (St. 

Louis, MO). 

Cigarette smoke extract (CSE) preparation. CSE (100%) was prepared as previously described 

using research grade cigarettes (University of Kentucky, Lexington, KY). The smoke of one cigarette 

was collected in 10 mL of saline solution (containing: 140 mM NaCl, 5 mM KCl, 1 mM CaCl2 and 10 

mM HEPES, with pH = 7.4) using a vacuum syringe and smoking apparatus; the CSE was filter 

sterilized (0.22 µcron filter). Consistency between batches was obtained by determining the 

absorbance value (320 nm) as previously reported [16,18]. 

Electrophysiology. Single channel patch clamp analysis of alveolar T2 cells was performed in the 

cell attached configuration. Micropipettes were pulled from borosilicate glass capillaries (TW-150, 

World Precision Instruments), and Gigaohm seals were formed between the cell membrane and the 

electrode tip. Electrode and bath solutions contained 140 mM NaCl, 5 mM KCl, 1 mM CaCl2 and 10 

mM HEPES with pH adjusted to 7.4 with NaOH. Diphenyleneiodonium (DPI) and Fulvene-5 (Nox 

inhibitor compounds) were applied to cell-attached patch clamp recordings as described in the results 

section below. Following a control recording period, freshly prepared CSE was applied to the same 

cell attached recording. Channel activity (NPo), measured as the product of the number (N) of channels 

and the open probability (Po) was calculated using pClamfit 9.2 data software (Molecular Devices) as 

previously described in [19,20]. 

Quantification of ROS. O2∙− levels were quantified using dihydroethidium (DHE) as described 

in [7,8,16,19,21]. 

Radiographic assessment of lung fluid clearance. Assessment of lung fluid clearance was 

performed as previously described [8]. Briefly, mice received a tracheal instillation of 5 µL/g body 

weight (100 µL). The saline solution contained 140 mM NaCl, 5 mM KCl, 1 mM CaCl2 and 10 mM 

HEPES with pH adjusted to 7.4 with NaOH. Immediately following the instillation (Io), animals were 

x-rayed using an in vivo MS FX pro small animal imager (Carestream Health) with an E-Z anesthesia 

unit (Palmer, PA) attached to deliver 100% oxygen and 2% isoflurane. Radiographs were obtained at 5 

min intervals, with 2 min exposure times, for up to 120 min. Settings were as follows: 2X2 binning, 180-

mm field of view, and 149-µA x-ray current. X-ray density was quantified using Carestream Health MI 

software with a defined 5-mm2 region of interest (ROI). ROI were background corrected then normalized 

to initial x-ray intensity (Io) in order to make comparisons between time points and treatment groups. I-

Io represents the change in lung fluid volume, where I is the x-ray density at a respective time point and 

Io is the initial x-ray density immediately following the tracheal instillation. 

Western blot. T2 cell lysates were electrophoresed on 10% acrylamide gel, transferred to a 

nitrocellulose membrane (Bio-Rad), and then immuno-blotted. The anti-α-ENaC C-20 (Santa Cruz 

Biotechnology, Inc) and anti-Nox4 antibodies (Novus Biologicals) are commercially available; IgG-

horse radish peroxidase (HRP)-labeled secondary antibody (KPL, Gaithersburg, MD) was used at a 

concentration of 1 mg/10 mL in buffer and incubated for 1 h at room temperature. HRP signal was 

detected using CDP-Star chemi-luminescent substrate (Tropix, Bedford, MA). Blots were analyzed on 

a Carestream imaging station GL 4000 (New Haven, CT) and compatible Carestream Molecular 

imaging software. 
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Cycloheximide chase assays. T2 cells were treated in a 0.01% solution of cycloheximide with and 

without CSE and a Nox-inhibitor (DPI or Fulvene-5). Protein was harvested at 0, 30, 60 and 120 min, 

followed by immuno-blotting for α-ENaC. Results were normalized to β-actin protein expression levels. 

PCR. Total RNA was extracted from T2 cells using an RNeasy isolation kit (Qiagen) following 

the manufacturer’s protocol. RNA was treated with DNaseI and reverse-transcribed using Superscript 

II RNaseH-reverse transcriptase (Invitrogen). Forward and reverse primers for Nox 2 and Nox 4 were: 

Nox 2(forward) CAG GAA CCT CAC TTT CCA TAA GAT, Nox 2 (reverse) AAC GTT GAA GAG 

ATG TGC AAT TGT; Nox4 (forward) CCC AAG TTC CAA GCT CAT TTC C; and, Nox 4 (reverse) 

TGG TGA CAG GTT TGT TGC TCC T. Threshold levels of mRNA expression (ΔΔCt) were 

normalized to GAPDH levels, and values represent the mean of triplicate sample ± standard error 

(S.E.). Data are representative of at least three independent observations. 

Statistics. All data are summarized as mean ± S.E. Single comparisons were performed using 

Student’s t tests. Multiple comparisons were performed using ANOVA.  

 

3. Results 

 

3.1. Nox inhibition attenuates CSE-induced ENaC activity 

 

Acute exposure to CSE extract elicits an oxidative burden. Whether CSE exposure causes long 

term oxidative damage by activating tissue Nox enzyme activity, and epithelial cell injury by altering 

ENaC function, has not been studied. We show the abundance of Nox2 and Nox 4 mRNA from flow-

sorted T1 and T2 cells in Figure 1. The transcript data suggest that Nox2 is more abundantly transcribed 

(and then expressed) in alveolar T2 cells, whereas Nox4 is more robustly expressed in T1 cells. Nox 1 

and 3 transcript levels were also measurable in T2 and T1 cells, albeit at significantly lower levels and 

therefore the data is not shown. Since T2 cells are progenitor cells (which gives rise to T1 cells 

following injury), and because the biophysical phenotype of T2 cells can be maintained under culture 

conditions, we continued study of T2 cells using single channel patch clamp analysis. 

 

 

Figure 1. The mRNA expression profile of Nox 2 and Nox 4 obtained from isolated rat alveolar 

type 1 (T1) and type 2 (T2) cells.  
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Figure 2. Diphenyliodonium (DPI), a pan-NADPH oxidase inhibitor, attenuates cigarette smoke 

extract (CSE)-induced ENaC activity in isolated rat alveolar type 2 (T2) cells. (A) Representative 

single channel recording of a primary alveolar T2 cell pre-treated with 50 µM DPI then 

challenged with CSE. Arrow represents the closed (c) state with downward deflections indicating 

channel opening (−20 mV (−Vp)). (B) Line graph showing that CSE challenge decreases ENaC 

open probability (Po) from 0.36 ± 0.09 to 0.11 ± 0.02 when pre-treated with DPI. n = 10, *p < 

0.05. (C) IV curve demonstrating a non-selective cation channel with a unitary conductance (γ) 

= 24.4 pS. 

 

We evaluated the effect of pretreating T2 cells with 50 µM pan Nox inhibitor compound, DPI, 

prior to CSE exposure. In Figure 2A we provide a representative single channel recording taken from 

an isolated T2 cell pre-treated with DPI (50 µM) and then exposed to freshly prepared CSE (where 

indicated on the trace). Plotting the voltage and current relationship (Figure 2B) shows a non-selective 

cation channel with a unitary conductance of 24.4 pS evaluated in the representative recording shown. 

CSE exposure alone significantly increases ENaC Po [4]. In the setting of DPI however, ENaC Po 

decreased from 0.36 ± 0.09 to 0.11 ± 0.02 following CSE exposure (Figure 2B, p = 0.01). Together, 

the data sets indicate that major Nox isoforms expressed in the alveolar epithelium are needed to 

activate ENaC activity following oxidative exposure in the lung, since pan-Nox inhibition attenuates 

CSE-induced activation of ENaC.  

Next, we used a recently developed Fulvene compound that inhibits both Nox2 and Nox4 activity 

with greater specificity compared to DPI compound [3]. Figure 3 is a time-course evaluation of CSE 

induced activation of ENaC, which persisted for up to 1 h of recorded observation (top trace). This is 

compared to a significantly sustained inhibition of channel activity when cells were treated with CSE  
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Figure 3. Fulvene-5 attenuates CSE-induced effects on ENaC activity. (A) Representative single 

channel recordings of a primary alveolar T2 cells treated with CSE with and without Fulvene-5. 

Arrow represents the closed (c) state with downward deflections indicating channel opening 

(−20 mV (−Vp)). Enlarged portions of the representative recordings taken between 2–3, 18–19 

and 28–29 min. (B) Results of 9 independent observations shown on a bar graph with y-axis = 

Number of ENaC per patch (N); open bars are without Fulvene-5, filled bars are with Fulvene-

5. Fulvene-5 treatment reduced ENaC number at 20–30 min; p = 0.002. (C) Results of 9 

independent observations shown on a bar graph with y-axis = ENaC open probability (Po). 

Fulvene-5 treatment significantly decreased ENaC Po from 0.18 ± 0.08 to 0.02 ± 0.08 (p = 0.04) 

at 20–30 min of CSE exposure. 
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in the presence of 10 µM Fulvene 5 (bottom trace). Figure 3A also shows enlarged portions of the CSE 

and CSE + Fulvene recordings, respectively, to show details of channel closed state and inward current. 

In Figure 3B and C we report average ENaC N and Po, respectively, obtained in independent single 

cell recordings.  

The data presented in Figure 3 suggest that CSE serves as an agonist for Nox-derived ROS 

production in lung epithelia and are in line with previous reports showing ROS upregulation of ENaC 

activity. In order to further implicate CSE’s agonistic effects on Nox activity, we exposed primary rat 

alveolar T2 cells to 1% CSE, 1% CSE with 10 µM Fulvene-5 or 1% CSE with 50 µM DPI and then 

measured ROS levels (Figure 4). CSE exposure significantly increased cellular ROS production (p = 

0.004), whereas concurrent treatment with a Nox inhibitor attenuated ROS production. The data supports 

a novel signaling pathway in which CSE increases Nox2- and Nox4-derived ROS. 

Next, in order to better understand the mechanism of CSE-induced Nox2 and Nox4 isoform 

regulation of lung ENaC activity, we conducted cycloheximide (CHX) chase assays. 

 

 

Figure 4. CSE exposure induces ROS production by NADPH oxidases. Measurement of 

superoxide (O2∙−) production in primary T2 cells under control, CSE, CSE with Fulvene-5 and 

CSE with DPI treatment conditions. CSE significantly increased ROS production (p = 0.004) 

while concurrent treatment with Fulvene-5 (p = 0.001) or DPI (p = 0.05) significantly decreased 

CSE-induced ROS production. 

 

3.2. CSE-induced, Nox-generated ROS regulate ENaC protein degradation 

 

In Figure 5A, primary rat alveolar type 2 cells were treated with CHX (a protein synthesis inhibitor) 

in the setting of CSE or CSE with either Fulvene-5 or DPI and evaluated the rate of proteolytic 

degradation of the cleaved form of α-ENaC (~65 kDa). The half-life of α-ENaC has been reported to 

be between 40–120 min [5,14,17] and has been recapitulated in Figure 5A–B under the CHX panels. 

CSE treatment in the CHX studies inhibited the proteolytic degradation of α-ENaC. However, CHX 

chase assays in which CSE treatments were combined with Nox inhibiters (DPI and Fulvene-5) 

showed accelerated rates of α-ENaC degradation that were similar to control half-life values. In Figure 

5C we show that Fulvene-5 and DPI treatments increased the amount of total ubiquitinated protein 

compared to CSE (only) treated cells. 
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Figure 5. Nox inhibition attenuates effects of CSE on ENaC degradation. (A) Cycloheximide 
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(CHX) chase performed in the presence of 1% CSE, 1% CSE with 10 µM Fulvene-5 or 1% CSE 

with 50 µM DPI. Representative immunoblots of α-ENaC and β-actin loading controls provided. 

(B) Averaged results from 4 independent observations normalized for β-actin shown of y-axis, 

and x-axis represents ENaC half-life (min). * indicates p < 0.05. (C) Representative immunoblot 

of ubiquitin from T2 cells treated with 1% CSE, 1% CSE with 10 µM Fulvene-5, or 1% CSE 

with 50 µM DPI. Averaged results of 4 independent observations normalized to β-actin shown 

on y-axis. Treatment with CSE alone significantly decreased protein ubiquitination; Nox 

inhibition attenuated CSE-induced inhibition of ubiquitination. * indicates p < 0.05 compared to 

CSE alone. 

 

3.3. CSE affects Nox 2 and Nox 4 transcript levels 

 

In Figure 6, we evaluated the effects of an acute exposure to CSE on Nox2 and Nox 4 transcript. 

Nox 2 mRNA levels were not affected by CSE exposure (Figure 6A). However, Nox 4 mRNA 

significantly increased with CSE exposure, an effect that was abrogated with concurrent treatment with 

Fulvene-5 (Figure 6B). Based on the changes observed in tissue Nox expression following CSE 

exposure, we conclude that Nox4 is the primary isoform responsible for changes in net salt and water 

absorption across lung epithelia following CSE exposure. Neither DPI nor Fulvene-5 alone affect Nox2 

or Nox4 expression. 

 

 

Figure 6. The Effect of CSE on Nox 2 and Nox 4 expression. (A) Nox 2 mRNA levels obtained 

from rat primary alveolar T2 cells following treatment with 1% CSE or 1% CSE with 10 µM 

Fulvene-5. (B) Nox 4 mRNA levels obtained from rat primary alveolar T2 cells following 

treatment with 1% CSE or 1% CSE with 10 µM Fulvene-5. CSE treatment increased Nox 4 

mRNA (p < 0.05).  

 

3.4. CSE-induced, Nox-generated ROS play a significant role in oxidative regulation of ENaC and 

lung fluid clearance 

 

Using a novel radiographic technique, we assessed for changes in lung fluid volume over time in 

mice receiving a tracheal instillation of saline (open circle), CSE (filled square) or CSE with either 
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DPI (filled circle) or Fulvene-5 (filled diamonds) (Figure 7). CSE significantly increased lung fluid 

clearance compared to saline controls beginning at approximately 115 min into the experiment. The 

addition of DPI significantly inhibited fluid clearance by 75 min, an effect that continued throughout 

the 4 h observation. Fulvene-5 treatment resulted in a significant reduction in lung fluid clearance 

within 15 min followed by a dramatic reduction in fluid clearance occurring at 65 min; the effect 

persisted throughout the 4 h observation. 

 

 

Figure 7. Nox-inhibition attenuates CSE-induced lung fluid clearance in vivo. Line graphs 

depicting changes in lung fluid clearance in mice receiving a tracheal challenge of (A) CSE 

versus CSE with 50 µM DPI or (B) CSE versus CSE with 10 µM Fulvene-5 or 5. The y-axis = 

lung fluid clearance (I-I0) where I represents fluid volume present at a respective point in time 

and I0 is fluid volume at the first X-ray exposure. More positive values represent greater fluid 

clearance. n = 15 per group. Pan-Nox inhibition attenuated the effects of CSE beginning 

approximately 30 min after instillation (p < 0.05). Nox2-Nox4 inhibition significantly attenuated 

CSE-induced lung fluid clearance beginning at 65 min, an effect that persisted throughout the 

study (p < 0.01). 

 

4. Discussion 

 

Cigarette smoke and cigarette smoking are the primary etiology of chronic obstructive pulmonary 

disease (COPD), although the underlying molecular mechanisms that lead to disease are not completely 

understood. Cigarette smoke is a complex mixture of over 4700 constituents including reactive oxygen 

species (ROS) [22-25]. ROS serve a variety of functions and elevated levels of ROS occur in the lungs 

of individuals with COPD. We have shown that cigarette smoke extract (CSE) induced ROS up-regulate 

the epithelial sodium channel (ENaC) in alveolar epithelial cells to promote lung fluid clearance [16]. 

Further, CSE-induced ROS inhibited α-ENaC degradation. However, the source of ROS was unclear. 

The NADPH oxidases function to produce ROS and studies show that the family of Nox enzymes, in 
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particular Nox2 [26] and Nox4 [27], are oxygen sensors that can mediate some the reduction in ion 

channel activity observed under hypoxic conditions [28,29]. 

 

4.1. Single channel analysis of Nox-inhibition on CSE-induced regulation of ENaC 

 

We have previously shown that both O2∙− and H2O2 regulate ENaC activity [7,8,12,21,30-32]. 

Furthermore O2∙− and H2O2 are present in CSE (albeit at lower concentration) and O2∙− is produced by 

Nox 1-3 while H2O2 is thought to be produced by Nox4, DUOX1, and DUOX2. We have previously 

shown that by bathing alveolar epithelial cells with 400 µM glutathione we could prevent the CSE-

induced up-regulation of ENaC [16]. In the current study we used a variety of Nox inhibitors to begin 

elucidating the role of CSE-induced, Nox-generated ROS in the regulation of ENaC. We found that Nox-

generated ROS significantly contribute to ENaC activity in the setting of cigarette smoke. Due to the 

significant redundancy in Nox isoforms in the lung, Nox knockout models may not reliably mimic 

complete depletion of the functional Nox protein. For example, knockout of the gp91phox catalytic unit 

may be compensated by an increase in ROS generation by other Nox isoforms. For this reason, we opted 

to use currently available inhibitors that have been extensively tested and reported in the literature. 

Peters and Colleagues demonstrated that Nox4, through oxidant production, plays a critical role in 

TGF-β trafficking of β-ENaC [33], while we have previously shown that H2O2 promotes membrane-

retention of α-ENaC through Nedd-8 signaling in alveolar epithelial cells [31]. Perhaps the retention of 

α-ENaC coupled with increased ubiquitination of β-ENaC could shift membrane ENaC from a 

predominantly highly-selection cation (HSC) channel to a non-selective cation (NSC) channel made up 

of primarily α-ENaC subunits still able to transport Na+, albeit at lower specificity for Na+ over K+. The 

potential adverse effect of shifting from HSC to NSC transport characteristics would be a significant 

reduction in uni-directional Na+ transport and less efficiency in immediate lung water absorption.  

 

4.2. Nox4 and lung pathology 

 

Pan-Nox inhibition using DPI attenuated the CSE-induced up-regulation of ENaC in alveolar T2 

cells (Figure 2). Further, inhibition of Nox 1-3 which require the small molecular weight GTPase 

protein Rac1 for full assembly of the regulatory subunits (p40phox, p47phox, and p67phox) did not inhibit 

CSE-induced up-regulation of ENaC (data not shown). This suggests that Nox 4 is a major contributor 

to the acute effects of CSE on ENaC activity. This observation was further supported in our 

electrophysiological experiments (Figure 3). Moreover, Fulvene-5 inhibition attenuated the effects of 

CSE on α-ENaC degradation (Figure 5A and B) by inhibiting redox sensitive ubiquitination pathways 

(Figure 5C). Nox 4 transcript was also observed in alveolar epithelial T1 and T2 cells and Nox 4 has 

been localized to the plasma membrane of lung epithelial cells [34]. Indeed Nox 4 derived ROS can 

affect signaling pathways, and in mediating cell responses (such as survival and proliferation), Nox 4 

has also been implicated in a variety of pathological states, including pulmonary fibrosis [35-37], 

pulmonary vascular changes associated with chronic lung disease [38], and metastatic disease [39]. 

Our studies indicate that Nox4 may play an important role in COPD by altering lung ENaC regulation. 

 

4.3. Oxidative stress, inappropriate ion transport and COPD 

 

Chronic obstructive pulmonary disease (COPD) includes chronic bronchitis and emphysema, 
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which afflicts the airways and alveolar airspaces, respectively. The pathogenesis of COPD is complex 

and incompletely understood. While it is clear that oxidative stress occurs in COPD [40], the effect of 

oxidative stress on ENaC activity (and whether this is the underlying cause of COPD) is an area of 

active research and remains unclear. Previous studies have shown that CSE alters lung epithelial lining 

fluid (ELF) volume by inhibiting chloride secretion and promoting dehydration of the ELF to produce 

a chronic bronchitis phenotype in the airways [41,42]. We propose that hyperactive Na+ reabsorption 

in the distal alveolar epithelium can likewise contribute to COPD by dehydrating the ELF following 

cigarette smoke exposure in the airspace. Recently published reports that show spontaneous 

development of emphysema and chronic bronchitis in mice overexpressing β-ENaC [5] provides 

additional support for the role of lung ENaC in the progression of alveolar and airway disease. 

Moreover, airway potential difference measurements from smoker airways have increased amiloride-

sensitive potential difference compared to non-smokers [43]; thus also indicating that CSE activation 

of ENaC in the lungs can lead to the progression of COPD. 

The anti-oxidant rich epithelial lining fluid in the lungs can also impact CSE signaling to ENaC 

in the alveolar epithelium. We have previously shown that ENaC activity did not increase when CSE 

was added in the presence of a high concentration of GSH [16]. Pan-Nox inhibition inhibited the CSE-

induced effects on ENaC activity. This suggests that ROS contained in the CSE serve as the initial 

impetus activating Noxes. We have also shown that acute exposure to CSE increases Nox 4 mRNA 

and transcript, which suggests that Nox 4 may play a critical role in the pathogenesis of COPD. 

However, additional work is needed to elucidate its role. Since Nox 4 inhibition attenuated ENaC 

activity and promoted proteolytic degradation of ENaC, our findings indicate that Nox 4 inhibition 

could be further evaluated as a therapeutic target for smoking related lung disease.  

 

5. Conclusion 

 

The role of ENaC in the pathogenesis of smoking-related lung disease is unclear although animal 

models suggest ENaC may play an important role. In the current study, we observed that the Nox 4 

isoform increases lung ENaC following cigarette smoke extract exposure by increasing channel 

activity and half-life in the cell membrane. As such, Nox4 may be a potential therapeutic target in the 

treatment or prevention of smoking-related lung diseases. 
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