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ABSTRACT 

Epithelial sodium channels (ENaC) are located throughout the epithelial lining of 

the respiratory tract and play a crucial role in ion and fluid homeostasis of the 

lungs.  Increasing ENaC activity through stimulation of β2-adrenergic receptors 

has been shown to increase sodium and fluid reabsorption from the airspace to 

the interstitial space.  In cystic fibrosis lung disease there is a hyperabsorption of 

sodium through ENaC which results in dehydration of the airway surface liquid.  

Previous work has identified a common functional genetic variant of SCNN1A, 

the gene encoding the ENaC alpha-subunit.  This variant manifests as an alanine 

to threonine substitution at amino acid 663 (T663), with the T663 variant resulting 

in a more active channel due to a greater number of channels in the membrane.  

We sought to determine the influence of the T663 variant on exhaled ions, 

pulmonary function, and the diffusing capacity of the lungs in healthy subjects as 

well as in patients with cystic fibrosis.  We used exercise, which can increase 

endogenous epinephrine by up to 1000 fold at peak exercise, and albuterol, an 

exogenous β2-adrenergic agonist, to stimulate ENaC activity.  In healthy 

individuals we hypothesized that the T663 variant would be beneficial for lung 

function due to a greater fluid removal, which could improve gas transfer in a 

healthy lung.  In the CF patients we predicted that the T663 variant would be 

detrimental to lung function due to an exaggerated absorption of sodium and 

drying/thickening of the mucus layer in the airways.  Measurements of exhaled 

sodium were made in the healthy subjects at baseline, 30, 60, and 90 minutes 
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post-albuterol administration.  Subjects with the A663 variant had higher baseline 

exhaled sodium and a significant decrease in exhaled sodium by 90 minutes 

after β2-adrenergic stimulation with albuterol, suggesting a removal of sodium 

from the airways.  No changes in exhaled sodium were seen in the T663 variant 

in response to albuterol.  In response to exercise the A663 variant had a greater 

increase in the diffusing capacity of the lung than the T663 variant, possibly due 

to differences in alveolar sodium and therefore fluid handling.  Taken together, 

these results suggest that healthy humans with the A663 variant can increase 

ENaC activity in response to β2-adrenergic stimulation, whereas individuals with 

the T663 variant have a diminished capacity for increasing ENaC activity in 

response to β2-adrenergic stimulation.  In CF patients, the T663 variant had 

significantly lower baseline pulmonary function, weight, and body mass index.  In 

response to exercise, patients with the T663 variant had a greater increase in the 

diffusing capacity of the lungs, possibly due to purinergic inhibition of ENaC.  

Finally, we recruited additional CF patients to confirm our pulmonary function 

findings.  Individuals with at least one allele resulting in the T663 variant had 

significantly lower body mass index, and tended to have lower exhaled chloride 

and pulmonary function.  These results suggest greater dehydration of the lung in 

CF patients with the T663 variant.  Overall, these results may suggest that the 

T663 variant modifies disease severity in CF, although more work is certainly 

warranted to confirm this result.   



10 
 

CHAPTER 1: INTRODUCTION 

1.1 Lung Fluid Balance 

Starling Forces. Fluid balance between the pulmonary capillaries, interstitial 

space, and the airspace is regulated by many physical and cellular processes.  

There is a constant flux of fluid between these compartments with a healthy 

human lung containing approximately 3.8mL/kg of extravascular lung water3.  

Fluid flux between compartments in the lung occurs according to the following 

relationship:  

𝑵𝒆𝒕 𝒇𝒍𝒖𝒊𝒅 𝒇𝒍𝒖𝒙 = 𝑲[(𝑷𝒄 − 𝑷𝒊) − 𝝈(𝝅𝒄 − 𝝅𝒊)] 

Where Pc and πc, and Pi and π i represent the capillary and interstitial hydrostatic 

and colloid osmotic pressures, respectively, and K is the proportionality constant 

that reflects the conductance to transvascular fluid exchange, or permeability of 

the capillary4,5.  Finally, the colloid osmotic pressure gradient is corrected for 

protein transfer, which can occur across the capillary; this is represented by the 

reflection coefficient (σ) in the equation.  Unless the hydrostatic and osmotic 

pressure gradients are equal net fluid movement will occur into or out of the 

vasculature (Figure 1).   
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Typically in the pulmonary microcirculation, there is a low capillary hydrostatic 

pressure (~7mmHg) and a capillary colloid osmotic pressure around 28 mmHg.  

This results in a  greater absorptive force than in most vascular beds of the 

systemic circulation6.  The absorptive force, along with the low capillary 

permeability (K) helps to prevent fluid accumulation in the gas exchanging 

regions of the lungs7.  The large surface area and thin diffusion distance of the 

pulmonary capillaries are designed to optimize gas exchange.  Around half of the 

area of the capillaries is composed of thin layers of endothelium and alveolar 

Alveolus

Lymphatic Capillary

Pc πc

Piπiσ

σ

Pulmonary Capillary

𝑵𝒆𝒕 𝒇𝒍𝒖𝒊𝒅 𝒇𝒍𝒖𝒙 = 𝑲 𝑷𝒄 − 𝑷𝒊 − 𝝈 𝝅𝒄 − 𝝅𝒊

Figure 1. Starling forces in the lung.  The arrows represent 
the direction of each force.  Net fluid flux is represented by 
the equation in the figure. K, permeability of the capillary to 
fluid; σ, protein permeability of the capillary;  Pc, hydrostatic 
pressure of the capillary; πc, colloid osmotic pressure of the 
capillary; Pi, interstitial hydrostatic pressure; πi,  interstitial 
colloid osmotic pressure. 
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epithelium with a joined basement membrane of only about 0.3µm thick, known 

as the alveolar or respiratory membrane8.  A unique feature of the pulmonary 

microcirculation is the ability of the hydrostatic pressure in the capillaries to vary 

over a wide range without resulting in fluid accumulation9.  The exact 

mechanisms of how hydrostatic pressure can vary without resulting in fluid 

accumulation are still debated, though the pulmonary lymphatic system has been 

highlighted as an important player10.  The pulmonary lymphatics take up fluid 

from the interstitial space and return the fluid to the systemic circulation.  Lung 

fluid clearance through the pulmonary lymphatics is important for maintaining low 

hydrostatic pressure of the interstitial space and preventing alveolar flooding10.    

Stimulation of β2-adrenergic receptors with epinephrine causes smooth muscle 

relaxation of the lymphatics, which increases fluid clearance from the interstitial 

space11,12.  Additionally, the pulmonary lymphatics actively constrict with 

peristaltic properties, both phasic and tonic action, to help clear fluid from the 

lungs13.  The pulmonary lymphatics can increase fluid clearance by more than 10 

fold upon stimulation to prevent lung fluid accumulation12,14.  Starling forces and 

the pulmonary lymphatics work in tandem to regulate fluid accumulation and 

removal from the interstitial space of the lungs.   

Fluid absorption across the respiratory epithelium. In the distal airways and 

alveoli, fluid clearance is primarily driven by sodium transport that results in 

osmotic water transport.  A large portion of the sodium transport occurs through 

apical amiloride sensitive epithelial sodium channels (ENaC), though there is 
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also an amiloride insensitive component in the apical uptake of sodium15.  

Sodium enters the cell through apical sodium channels and is extruded into the 

interstitial space through the action of the sodium-potassium-ATPase.  As this is 

an electroneutral process, chloride follows paracellularly under basal conditions 

and likely moves transcellularly in the presence of increased concentration of 

cAMP, like during β2-adrenergic receptor mediated fluid clearance (Figure 2)16.  

 

 

It is unclear where the amiloride insensitive component of fluid clearance occurs.  

However, sodium cotransporters such as sodium-glucose, sodium-amino acid, 

sodium-proton, or other cation channels may be involved17-19.  The open 

probability and number of ENaC and the transcription and trafficking of sodium-

Figure 2. Fluid clearance across the respiratory epithelium. 
ENaC, epithelial sodium channels; CFTR, cystic fibrosis 
transmembrane conductance regulator anion channel.    
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potassium-ATPases are known to increase upon activation of the β2-adrenergic 

receptor and to result in lung fluid clearance20,21.  Stimulation of the β2-

adrenergic receptors, through endogenous or intravenous epinephrine or through 

inhalation of β2-adrenergic receptor agonists, results in fluid clearance22-24.  Both 

the β2-adrenergic receptor and cystic fibrosis transmembrane conductance 

regulator protein (CFTR) are required for cAMP-mediated increases in active 

sodium transport in the distal airways and alveoli25.  Increasing CFTR expression 

is sufficient to increase alveolar fluid clearance, suggesting CFTR plays a role in 

stimulated lung fluid clearance25.  In addition to its role in stimulated fluid 

clearance, CFTR also plays a large role in fluid secretion, which is discussed 

below.  Lung lymph flow also increases in response to administration of a β2-

adrenergic agonist22.  Interestingly, the rate of fluid clearance differs between 

individuals.  Given similar clinical and environmental conditions some, but not all, 

individuals will develop pulmonary edema.  In response to short-term (17-hour) 

hypoxic exposure, only 16% of healthy human subjects showed evidence for 

increased lung water26.  With rapid ascent to greater than 2500m, around 15% of 

individuals will develop high altitude pulmonary edema27. A small proportion of 

athletes also develop pulmonary edema in response to intense prolonged 

exercise28,29.  In clinical settings, such as acute lung injury, the patients who are 

able to remove alveolar edema fluid rapidly have a higher survival rate than 

those with slower rates of fluid clearance30,31.  In response to rapid saline loading  

in healthy human subjects (~2L infused over 15 minutes), subjects with alleles 
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encoding glycine at amino acid 16 of the β2-adrenergic receptor were better able 

to clear fluid from their lungs, as assessed by the diffusing capacity of the lung 

for carbon monoxide and lung density measurements using computed 

tomography32.  These studies suggest a genetic component to an individual’s 

ability to clear fluid from the lungs.   

Fluid secretion across the respiratory epithelium. Not only is fluid absorbed 

across the respiratory epithelium, but it is also secreted.  Two well described 

mechanisms involve CFTR-dependent and CFTR-independent chloride 

secretion.  In CFTR-dependent chloride secretion, chloride enters the cell 

through the sodium potassium two chloride transporter (NKCC).  From there, 

chloride moves out through the apical side of the cell through CFTR.  Sodium is 

believed to move paracellularly in order to maintain electroneutrality.  The net 

movement of salt from the basolateral side of the cell to the apical side causes 

an osmotic movement of water in the same direction (Figure 3)33.  This pathway 

is believed to be a major contributor to cardiogenic pulmonary edema, which 

occurs secondary to increased capillary hydrostatic pressure caused by heart 

failure, mitral stenosis, or other pulmonary venous outflow disruptions.  Epithelial 

sodium transport becomes inhibited by nitric oxide production that occurs in 

pulmonary capillaries undergoing significant hydrostatic stress34.  This not only 

causes fluid accumulation in the alveoli due to hydrostatic stress, but also causes 

the epithelium to switch form absorptive to secretory processes.  In cardiogenic 

pulmonary edema up to 70% of the alveolar fluid influx is caused by ion, and 
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therefore fluid, secretion across the respiratory epithelium34.  CFTR-independent 

chloride secretion primarily occurs through the purinergic pathway, which is 

described in section 1.3.   

 

 

  

1.2 Epithelial Sodium Channels 

Epithelial sodium channels play a critical role in regulating lung fluid as 

well as total body fluid balance.  Amiloride sensitive epithelial sodium channels 

(ENaC) are expressed in the apical membrane of various epithelia throughout the 

body including the kidneys, GI tract, and lungs.  These channels are heteromers 

Figure 3.  CFTR-dependent fluid secretion across the respiratory 
epithelium.  CFTR, cystic fibrosis transmembrane conductance 
regulator anion channel; NKCC, sodium-potassium-two chloride 
transporter. 
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composed of three structurally related subunits referred to as α-, β-, or γ- ENaC 

(Figure 4)2,35.  Each subunit has two membrane-spanning domains with both the 

C- and N-termini located intracellularly and a large extracellular loop36,37.    

Changes in ENaC function are associated with several disease states38,39.  

Liddle’s syndrome, a rare salt-sensitive form of hypertension, and cystic fibrosis 

are both diseases characterized by increased ENaC activity.  In fact, one of the 

most common mouse models used to study cystic fibrosis lung disease is a β-

ENaC overexpression model40.  Conversely, decreased ENaC activity has been 

implicated in type I pseudohypoaldosteronism, (characterized by excessive 

sodium excretion and dehydration), as well as in high-altitude pulmonary edema 

(HAPE)41.  Further, neonates with pseudohypoaldosteronism develop chest 

congestion and cough characterized by edema caused by sodium channel 

dysfunction.  These neonates also have an increased susceptibility to neonatal 

respiratory distress syndrome42.  Alpha-ENaC null mice die of respiratory distress 

syndrome within 40 hours of birth due to an inability to clear amniotic fluid from 

their lungs, demonstrating the crucial role of these channels in lung fluid 

regulation43.   
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1.3 The role of ENaC in lung fluid homeostasis in healthy humans 

The role of ENaC in lung fluid clearance has been well established using various 

animal models, including human studies.  Amiloride is a pharmacological inhibitor 

of sodium flux through ENaC. Depending on the experimental model, amiloride 

has demonstrated a 40-70% reduction in basal fluid clearance44,45.  Most of these 

studies monitor the change in concentration of instilled isosmotic solutions of 

albumin or dextran to assess fluid clearance.  Beta2-adreneregic stimulated fluid 

clearance can also be inhibited using amiloride, demonstrating that the increased 

fluid clearance is related to increased sodium transport through ENaC46,47.  The 

C

C

C

N
NPY PY

Cytosolic Space

α-subunit

γ-subunitβ-subunit

Figure 4. Epithelial sodium channel structure.  Large extracellular 
loops as well as PY-domains near the C-terminus located on the 
intracellular side of the protein are important in regulation of 
channel function.  Modified from Bhalla et al 20082.  

 



19 
 

rate of fluid clearance differs within and between species, with the slowest fluid 

clearance rates in dogs and the highest clearance rates in rats and mice47-49.  

Fluid clearance in the ex-vivo human lung occurs at about half of the rate of fluid 

clearance in rats24.  Amiloride has been shown to inhibit fluid clearance not only 

from the alveolar epithelium, but also from the distal airway epithelium in sheep 

and pig experimental models50,51.   

Regulation of ENaC plays a large role in determining the rate of fluid clearance 

under basal conditions and upon stimulation with an endogenous or exogenous 

agonist.  In the lungs, ENaC is expressed in type 1 and type 2 alveolar epithelial 

cells as well as in airway epithelial cells, including Clara cells in the distal 

airways52.  In addition to the alveoli, the distal airways are believed to be involved 

in fluid regulation, as it is well established that cells from the distal airway 

epithelium primarily transport salts from the apical to basolateral side of the cell 

layer15,50,53,54.  The specific role of each anatomical segment of the distal 

airspaces in fluid reabsorption is not well understood15.  In systemic fluid balance, 

ENaC activity is largely regulated by systemic levels of mineralocorticoids and 

their numerous downstream effectors; however, ENaC activity in the lung seems 

to be primarily regulated by local mechanisms and the airway surface liquid 

composition55.  Aerosolized aldosterone results in a 50% increase in fluid 

clearance in rats, although the mechanism is likely more dependent on increased 

sodium-potassium-ATPase activity than ENaC activity56.  One of the local 

pathways that alters ENaC activity is the adrenergic pathway.  Epinephrine, or 
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other β2-adrenergic receptor agonists, bind to the β2-adrenergic receptor 

complex causing the stimulatory (Gαs) G-protein subunit to dissociate from the 

receptor complex and activate adenylyl cyclase, which converts adenosine 

triphosphate (ATP) into cyclic adenosine monophosphate (cAMP).  Increased 

cAMP causes an activation of protein kinase A, which increases sodium transport 

through ENaC by recruiting more channels to the membrane and increasing the 

probability of an open channel57,58.  Beta2-adrenergic stimulation also increases 

sodium-potassium-ATPase activity, which results in a net increase in sodium 

transfer from the apical to basolateral side of the cell, leading to the osmotic 

movement of water from the airspace to the interstitial space (Figure 5)59.   

Increased fluid clearance by β2-adrenergic agonists can be blocked using 

amiloride, demonstrating that the increased fluid clearance is dependent on 

increased sodium transport through ENaC across the epithelium46,47.  This is 

likely to occur due to an increase in ENaC activity, through increased channel 

number and open probability of the channel.   
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Another local pathway that inhibits ENaC activity is the purinergic pathway.  The 

purinergic pathway is dependent on the concentration of purine nucleotides and 

their derivatives in the airway surface liquid.  These agonists bind to the P2Y2 

receptors on the luminal membrane, which raises intracellular calcium through a 

phospholipase C dependent mechanism and causes transepithelial chloride 

PKA

Β2-AR

ATPcAMP

AC

Gs

Figure 5. Adrenergic regulation of ENaC.  Binding of epinephrine 
or other agonists to the β2-adrenergic receptor causes the 
stimulatory G protein (Gαs) to activate adenylyl cyclase (AC), 
which converts adenosine triphosphate (ATP) into cyclic 
adenosine monophosphate (cAMP).  Increased cAMP 
concentration results in activation of protein kinase A (PKA), 
which causes increased activity of epithelial sodium channels 
(ENaC).  Sodium is then pumped out of the cell into the 
interstitial space by the Na+/K+-ATPase.  Chloride follows 
paracellularly, making this an electroneutral process.  The net 
movement of salt from the airspace to the interstitial space 
causes the osmotic movement of fluid into the interstitial space.   
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secretion, through calcium activated chloride channels (CaCC)60-62.  Sodium 

follows paracellularly, allowing for electroneutrality and results in the osmotic 

movement of water into the luminal space (Figure 6).   

 

 

 

 

P2Y2 receptor null mice have provided additional evidence for this pathway as 

ATP- and UTP-mediated chloride secretion in the trachea was almost completely 

eliminated in these animals63.  This mechanism was also confirmed using 

calcium agonists, as increases in chloride secretion occurred with both 

Figure 6.  Purinergic regulation of ENaC.  ENaC, epithelial 
sodium channels; CFTR, cystic fibrosis transmembrane 
conductance regulator anion channel; P2Y2, purinergic receptor; 
PIP2, phosphotidyl inositol-4,5-bisphosphate; PLC, 
phospholipase C; IP3, phosphitidyl inositol; CaCC, calcium 
activated chloride channels. 
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extracellular nucleotides and with agonists that release calcium intracellularly64-67.  

Additionally, a local increase in ATP concentration due to changes in metabolic 

factors inhibits ENaC activity64,68.  Activation of ENaC requires phosphatidyl 

inositol-4,5-bisphosphate (PIP2) to be present in the membrane69.  When the 

P2Y2 receptor is activated by purine nucleotides it activates phospholipase C 

which converts PIP2 into inositol trisphosphate and diacylglycerol.  In the 

purinergic pathway, ENaC is also inhibited by the depletion of PIP2 in the plasma 

membrane69.  The inhibition of sodium absorption during P2Y2 stimulation with 

ATP was shown to be independent of an increase in intracellular calcium or an 

activation of protein kinase C, but an inhibitor of phospholipase C abolished the 

inhibition of sodium absorption, further implicating the depletion of PIP2 as a 

mechanism for ENaC inhibition68-70.  Initial activation of this pathway causes a 

transient inhibition of sodium absorption followed by a sustained inhibition of 40-

55% of sodium absorption in both CF and non-CF airways68. This effect is 

thought to be due to changes in the open probability of ENaC and not channel 

trafficking71,72.  The purinergic pathway is believed to play an important role in 

fine tuning the airway surface liquid composition and volume, allowing for a 

switch from absorptive to secretory processes through a non-CFTR dependent 

mechanism68.   

A third mechanism for regulating ENaC activity is through proteases and other 

soluble mediators found on the extracellular surface.  Channel activating 

extracellular serine proteases convert inactive “silent” ENaC in the membrane 
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into channels that are actively gated and can transfer between open and closed 

states73.  ENaC is constitutively active in the absence of a stimulus; however 

channel gating can be modulated by a variety of molecules including proteases, 

sodium, protons, zinc, nickel, nitric oxide, and chloride34,73-81.  In a dose 

dependent manner, up to 73% of amiloride sensitive current in airway epithelial 

cells can be inhibited by increasing extracellular chloride81.  The extracellular 

domains of the channel are believed to function as sensors that continuously 

integrate extracellular signals in order to modulate channel activity and therefore 

epithelial sodium absorption81.  One example, although in the kidney, would be in 

an acidic environment where chloride concentration is low (in a condition of 

plasma volume depletion), protons have a greater stimulatory effect on ENaC 

than when chloride concentration is high (in a condition of plasma volume 

expansion)36. All of these mediators modify sodium clearance through ENaC in 

the lung and therefore influence ENaC’s role in lung fluid homeostasis.   

1.4 Overview of Cystic Fibrosis 

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene, which encodes the cAMP-activated CFTR 

anion channel.  The greatest cause of morbidity and mortality in CF patients is 

progressive dehydration in the airways, leading to mucus plugging, infection, and 

inflammation, which eventually progresses to bronchiectasis, respiratory 

insufficiency, and death52.  In addition to the lung pathology, CF also results in 
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secretory defects and obstruction in the pancreas and the gut, making nutrients 

difficult to digest and absorb82.  Patients with CF oftentimes have difficulty 

gaining and maintaining weight82.  The current prevalence of CF is approximately 

one in 3700 live births83.  Cystic fibrosis has existed since before the 1300’s, as 

evidenced by an adage from Northern European folklore “Woe to that child which 

when kissed on the forehead tastes salty.  He is bewitched and soon must die”84.   

Pathologists studying pancreatic disease in the early 20th century noticed that 

lung disease was a common finding in these patients as well85,86.  In 1946 

Andersen and Hodges first reported that Cystic fibrosis is an autosomal 

recessive disorder87.  The first, and most commonly used, diagnostic test for CF 

was developed by di Sant’Agnese in the 1940’s after a heat wave in which he 

noticed that CF patients were prone to collapse during heat stress due to 

dehydration88.  When the ion concentration of the sweat is measured, CF 

patients generally have higher chloride concentrations than healthy individuals.  

Greater than or equal to 60mmol chloride in the sweat is considered indicative of 

CF89.  At this time most CF patients did not live past the age of 10.  Tremendous 

progress has been made in the treatment of CF over the last 40 years or so.  The 

median life expectancy is now in the late thirties.  Cystic fibrosis is most common 

in Caucasians and is one of the most common deadly genetic diseases seen in 

the Caucasian population90.  One theory about the prevalence of CF in Northern 

Europeans relates to cholera and other diarrheal diseases.  This theory suggests 

that being a carrier of a CFTR mutation may have promoted survival during 
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cholera infection as these individuals would only have around 50% CFTR 

function.  The carriers of CFTR mutation would only have one CFTR allele that 

would result in functional CFTR protein.  Having less CFTR function may have 

been protective against the massive secretory diarrhea seen in cholera, although 

CFTR null mice have not confirmed a genetic advantage in the response to 

secretory diarrhea88,91.  CFTR is expressed in various epithelia throughout the 

body including the lungs, sweat glands, pancreas, and digestive tract.  This 

protein is an anion channel with predominantly chloride conductance and is a 

member of the ATP-binding cassette (ABC) superfamily92.  CFTR contains two 

ATP binding domains that use ATP to power transport and for channel gating93.  

This channel also contains a regulatory domain with multiple serine residues 

surrounded by the protein kinase A consensus sequence94.  There are over 1200 

CFTR mutations that can result in CF52.  These are generally broken down into 

five functional classes of mutations95.  Class one CFTR mutations result in a stop 

codon that causes a truncated non-functional CFTR protein.  In class two 

mutations, CFTR fails to mature and is degraded before it can be trafficked to the 

membrane.  CFTR protein actually reaches the apical membrane in class three 

mutations; however, due to defective regulation, the channel is unable to be 

activated to produce chloride secretion.  In class four mutations, a functional 

CFTR reaches the apical membrane, but has limited chloride conductance.  

Finally, in class five mutations CFTR with normal single channel conductance 
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reaches the apical membrane; however, there is a very low abundance of CFTR 

channels (Figure 7).   

 

 

The most common CFTR mutation is ΔF508, which is a class two mutation 

resulting in a deletion of phenylalanine at amino acid 508 of CFTR52.  Sixty-eight 

percent of CF patients are homozygous for CFTR alleles with ΔF508 mutations96.  

Although CFTR is a channel with primarily chloride conductance that is found on 

the apical membrane of various epithelia, dysregulation of sodium transport plays 

a key role in the lung pathogenesis that occurs in CF disease97.   
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Figure 7.  Classes of CFTR mutations.  ER, endoplasmic reticulum.  
Modified from Tsui and Durie 19971. 
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In the lung, CFTR is found in epithelial cells throughout the proximal and distal 

airways, in submucosal glands, and in the alveoli15,52,54,98.  The airway surface 

liquid is composed of a thin 7-30µm liquid periciliary layer and an overlaying 

mucus layer that bath the luminal surface of the respiratory tract.  The depth of 

the periciliary liquid layer is highly regulated in order to facilitate beating of the 

cilia.  The beating of the cilia propels the overlaying mucus layer towards the 

mouth to clear particulates and pathogens that may enter the respiratory 

system99.   The periciliary layer also prevents the mucus layer from making direct 

contact with the airway epithelia, and thereby helps to prevent mucus adhesion 

and the formation of mucus plugs.  Tight regulation of ENaC and CFTR function 

is required for maintenance of airway surface liquid100.  In healthy epithelia these 

channels are reciprocally regulated to meet the need for increased or decreased 

airway surface liquid volume. Sodium hyperabsorption and limited chloride 

secretion caused by CF lung disease results in dehydration of the periciliary and 

mucus layers. Over time, in CF patients, this dehydration of the airway surface 

liquid leads to decreased mucociliary clearance as well as the formation of 

mucus plugs in the airways101.  In addition to the dehydration of the airways, lack 

of CFTR function leads to abnormal glycosylation of mucus, which increases the 

epithelial adhesions for bacteria, making it easier for bacteria to colonize in the 

lung52. Stagnant mucus results in a vigorous inflammatory response to the 

pathogens and particulates that cannot be cleared.  Along this line, the use of 

inhaled hypertonic saline reduces pulmonary exacerbations and improves 
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pulmonary function in CF patients, likely due to its ability to rehydrate the airways 

and stagnant mucus102-104.  There is some controversy as to whether the airway 

surface liquid dehydration or the inflammatory response is the primary cause of 

CF lung disease105.  Loss of functional CFTR results in neutrophil activation that 

produces proteases and reactive oxygen species.  This results in 

hyperinflammatory responses in CF airways. The ΔF508 CFTR mutation itself 

produces a pro-inflammatory environment that some believe precedes infection.  

This mutation causes CFTR to accumulate in the endoplasmic reticulum, causing 

a stress response that results in NFκB activation and production of interlukin-8, 

which is a pro-inflammatory mediator106,107.  Regardless, whether airway 

dehydration or inflammation comes first, over time inflammation destroys the 

airway walls and parenchyma, which ultimately leads to bronchiectasis, 

respiratory failure, and death in the majority of CF patients. 

1.5 ENaC plays an important role in cystic fibrosis lung disease 

Epithelial sodium channel activity is increased in patients with cystic fibrosis.  

This is, in part, due to the loss of CFTR, which has an inhibitory effect on ENaC 

under normal conditions.  The exact mechanism of this inhibitory effect is 

currently unclear, though one group has demonstrated that CFTR and ENaC 

physically associate and that this association allows CFTR to prevent the 

proteolytic cleavage of ENaC108-110.  More αENaC fragments were seen in ΔF508 

CF airway cultures, which suggested that the loss of CFTR allowed increased 
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proteolytic cleavage and activation of ENaC111.  The lack of ENaC regulation by 

CFTR in CF patients leads to a hyperabsorption of electrolytes, which increases 

the viscosity of the mucus, decreases the volume of periciliary layer, and reduces 

mucociliary clearance in the airways.  In the presence of CFTR, increasing 

cellular cAMP stimulates CFTR expression and activity while also inhibiting 

ENaC activity64,68,112.  In the absence of CFTR, increasing cellular cAMP results 

in increased ENaC activity and contributes to airway surface liquid 

depletion109,113,114.  In vitro studies have shown that when the CFTR gene is 

expressed in CF airway cells, through adenovirus-mediated expression, not only 

is chloride secretion restored, but sodium hyperabsorption is attenuated115.   

Therefore, not only do CF patients lose the ability to secrete chloride into the 

airways and alveoli, but they also lose the CFTR-mediated inhibitory regulation of 

ENaC, together leading to a hyperabsorption of sodium and a pathological drying 

of the lungs.  The incidence of rare ENaC polymorphisms is increased by more 

than three-fold in CF patients as compared to healthy controls (30 vs. 9%, CF vs. 

Healthy, p<0.05)116.  Highlighting the importance of ENaC in CF lung disease, 

some patients, with normal CFTR function, actually have mutations in ENaC that 

result in CF-like lung disease, and as stated previously, one of the more common 

murine models of CF-lung disease is a β-ENaC overexpression model40,116. 

Many treatment strategies in CF are aimed at ameliorating sodium 

hyperabsorption and promoting chloride secretion.  One treatment option 

currently under investigation is protease inhibitors.  There is evidence that the 
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balance of serine proteases and endogenous antiproteases may be altered in 

favor of increased ENaC activity in CF lung disease117,118.   Prostasin (CAP1) is a 

specific extracellular protease that is highly expressed in the lung74.  This 

protease cleaves an inhibitory fragment from γENaC that promotes activation of 

the ENaC channel75.  Cleaving of the inhibitory fragment leads to activation of 

near silent ENaC channels and can exacerbate the airway dehydration seen in 

CF76.  Inhibition of CAP1/prostasin and other proteases may be a mechanism to 

inhibit ENaC therapeutically in CF patients.  In CF epithelia, knockdown of 

CAP1/prostasin was sufficient to decrease ENaC activity119.  Neutrophil elastase 

is a serine protease that is abundant in CF airways and can also cleave the 

inhibitory fragment from γENaC120.    Inhibition of neutrophil elastase may be 

another possible therapeutic target for amelioration of sodium hyperabsorption in 

CF.  Some promising studies utilized nebulized amiloride, an ENaC inhibitor, to 

treat the sodium hyperabsorption in CF; however, subsequent studies using 

inhaled amiloride failed to show long-term improvements in lung function121,122.  

This is believed to be due to the poor potency and pharmacokinetics of 

amiloride123,124.  Other studies have used hypertonic saline and amiloride in 

tandem to explore the effect on mucus hydration and pulmonary function.  In 

non-CF airway epithelial cells treatment with hypertonic saline and amiloride 

prolonged the increased airway surface liquid volume response to the 

treatment125.  However, in CF patients the tandem use of hypertonic saline and 

amiloride had a negative impact on lung function over the benefits seen with the 
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use of hypertonic saline alone102.   Several groups are working to develop more 

potent ENaC antagonists, though none have been FDA approved to date126.   

Denufosol tetrasodium is a P2Y2 receptor agonist that has been investigated in 

CF patients to inhibit sodium reabsorption and stimulate chloride secretion.  This 

drug works through the purinergic pathway and inhibits amiloride through the 

depletion of PIP2 and releases calcium from intracellular stores, resulting in 

activation of calcium activated chloride secretion.  Denufosol tetrasodium made it 

through Phase 2 Trials, where it was given to a group of CF patients to determine 

its safety and effectiveness, and was shown to be both safe and effective127.   A 

more recent Phase 2 study showed lung function improvements were seen even 

in younger patients with mild CF lung disease (forced expiratory volume in 1 

second ≥ 75% of predicted volume) over a 24 week period128.  Unfortunately, 

these results were not confirmed in the Phase 3 trial with denufosol, in which the 

drug was given to a larger group of CF patients to confirm its effectiveness, 

monitor side effects, and compare the effectiveness of the drug to normal CF 

therapy.  In this trial denufosol did not demonstrate improvements in pulmonary 

function or pulmonary exacerbations over a 48 week period as compared to 

placebo129. Calcium-dependent chloride signaling is already upregulated in the 

most common CFTR mutation (ΔF508) due to increased intracellular calcium 

signaling, which may have played a role in the lack of therapeutic benefits with 

denufosol treatment, which relies, in part, on increased calcium signaling for its 

therapeutic benefits130.   
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Exercise may be another treatment option for inhibition of ENaC.  Using nasal 

potential difference, in vivo studies have shown a decrease in amiloride sensitive 

current in CF patients during and immediately post-exercise131-133.  This suggests 

that exercise is sufficient to reduce ENaC activity.  During exercise, the release 

of ATP into the airways is triggered by mechanical stimuli and the turbulent flow 

of air134.  This release of ATP may cause inhibition of ENaC through the 

purinergic pathway, which is likely beneficial for CF patients.  This is in addition 

to numerous other benefits of exercise in patients with CF such as a slowed rate 

of decline in pulmonary function, 135,136 increased mucociliary clearance, 

increased survival137,138, and improved quality of life135-141.  Taken together, all of 

this work demonstrates the importance of ENaC in CF lung disease.   

1.6 Polymorphism in the alpha-subunit of the epithelial sodium channel 

influences channel function  

The alpha-subunit of ENaC (αENaC) seems to have the greatest functional effect 

on channel activity.  Only the α-subunit can create a functional channel on its 

own, although co-expressing α and βENaC increases the amiloride sensitive 

current by three to five fold and maximal current occurs when α, β, and γENaC 

are expressed together43,142.  Alpha ENaC null, but not β or γENaC null, mice die 

within 40 hours of birth due to an inability to clear amniotic fluid from the lungs, 

demonstrating the importance of this specific subunit in lung fluid clearance43.  

Reduction of αENaC using a siRNA model reduced baseline fluid clearance by 
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around 30% and also reduced β2-adrenergic receptor stimulated fluid clearance 

by around 165%143.  Collectively, these studies highlight the importance of the 

αENaC in lung fluid regulation.   

ENaC has several polymorphisms located throughout its subunits; however, most 

of these polymorphisms are relatively rare and not all of them affect channel 

function.  We are particularly interested in a relatively common functional single 

nucleotide polymorphism in αENaC resulting in an alanine to threonine 

substitution at amino acid 663.  This alanine to threonine substitution, in the C-

terminus of αENaC, influences channel trafficking.  At the channel level, the 

threonine variant (T663) has been shown to increase the activity of the channel 

due to a greater surface expression of the protein, suggesting this polymorphism 

modifies channel trafficking144,145.  Systemically, the T663 variant has been 

associated with hypertension in some, but not all, populations, likely due to a 

greater sodium reabsorption in the kidneys146,147.  Allelic frequencies also differ 

between populations; Japanese subjects have a greater prevalence of the A663 

variant (58-64%) as compared to the prevalence in Caucasians (29%) or African 

Americans (15%)146,147.  Overall, we are interested in this single nucleotide 

polymorphism because it is a commonly occurring variant, which changes the 

activity of the channel, and is located in the α-subunit, which is important in 

regulating fluid balance in the lung.  We are particularly interested in exploring 

how this polymorphism influences lung function in patients with CF, as a more 

active ENaC could result in a more severe lung disease phenotype.   
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1.7 Problem: how does this functional polymorphism influence the lung function 

in healthy subjects and in patients with cystic fibrosis 

Based on the increased channel activity seen in the T663 αENaC variant we 

sought to determine the influence of this genetic variant on lung function in 

healthy individuals and in patients with CF who are known to have increased 

ENaC activity in their lungs.  We predicted that the T663 αENaC variant would 

improve lung function in healthy humans due to a greater fluid removal, which 

should improve gas transfer in a healthy lung, whereas in CF patients the T663 

αENaC variant would be detrimental to lung function due to a further dehydration 

of the already dry CF lung.    

1.8 Dissertation format  

This dissertation will consist of three published papers and manuscript in 

preparation for publication presented in the appendices, as well as a current 

studies section in which I will summarize the appended work.  The paper in 

appendix A demonstrates that genetic variation of the alpha subunit of αENaC 

influences exhaled sodium in healthy humans148.  Individuals with the A663 

variant had higher baseline exhaled sodium as well as a reduction in exhaled 

sodium in response to β2-adrenergic stimulation with albuterol.  For this 

manuscript, I was responsible for data analysis, assisted with manuscript 

preparation, and was responsible for the response to reviewers.  The manuscript 

in appendix B was a companion paper to the paper in appendix A and builds on 
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those findings by demonstrating that healthy subjects with the A663 αENaC 

variant have a greater increase in their diffusing capacity of the lung for carbon 

monoxide and nitric oxide (DLCO and DLNO, respectively) in response to β2-

adrenergic stimulation during peak exercise than subjects with the T663 

variant149.  For this paper, I was first author and responsible for data analysis, 

manuscript preparation, and the response to reviewers.  Both of these papers 

support the notion that genetic variation of αENaC influences β2-adrenergic 

stimulated sodium clearance in the lungs.  These findings may be important in 

predicting which healthy individuals may be susceptible to pulmonary edema 

formation in response to various clinical or environmental conditions.   

The third published paper, presented in appendix C, moves into cystic fibrosis 

patients and how this single nucleotide polymorphism in the gene encoding 

αENaC (SCNN1A) influences lung function in response to exercise150.  We found 

that CF patients with the T663 variant tended to have lower pulmonary function, 

body weight, and body mass index than patients with the A663 variant.  

Additionally, patients with the T663 variant tended to have lower baseline DLCO 

and DLNO; however, the T663 group had a greater percent increase in DLCO 

and DLNO in response to peak exercise, which brought the groups to similar 

absolute levels of diffusing capacity at peak exercise.  We speculate this was due 

to exercise-induced inhibition of ENaC through the purinergic pathway, which 

may have had a greater impact on the T663 group with the more active ENaC 

variant.  For this study, I was the first author and responsible for data analysis, 
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manuscript preparation, and the response to the reviewers.  Finally, based on the 

large differences in baseline pulmonary function, weight, and body mass index 

between genotype groups seen in the study in appendix C we decided to recruit 

additional CF patients to verify this finding.  Appendix D presents a manuscript in 

preparation for publication discussing the demographic and pulmonary function 

data we were able to collect upon increasing recruitment of CF patients.  Overall, 

we found that genetic variation of αENaC seems to influence disease severity in 

CF.   Patients carrying at least one allele encoding the T663 variant tended to 

have more severe disease as assessed by exhaled chloride, pulmonary function, 

and body mass index.   I am also first author for this manuscript and was 

responsible for data collection, data analysis, manuscript preparation, and will be 

responsible for responding to reviewers.  This paper will be submitted to the 

Journal of Cystic Fibrosis for peer review and potential publication.    
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CHAPTER 2: CURRENT STUDY 

The details of the research performed in this dissertation are presented in the 

appended papers.  This chapter will provide an overview of the methods, results, 

and conclusions from the three published studies and one publishable study 

presented as appendices.   

2.1 Methods 

2.1.1 Subjects/Protocol 

Initial Studies: Healthy subjects and CF patients were recruited for study.  The 

healthy patients were recruited by word of mouth, and the CF patients were 

recruited through the Arizona Respiratory Center’s CF clinic in Tucson, AZ.   A 

positive sweat chloride test was used to confirm CF disease.  Only clinically 

stable CF patients with mild to moderate CF were recruited for study.  Exclusion 

criteria included:  forced expiratory volume in one second (FEV1) ≤40% 

predicted, concurrent enrollment in other CF clinical trials, pulmonary 

exacerbation within the last six months resulting in hemoptysis of greater than 

50mL, pregnancy, smoking, exercise intolerance, antibiotics for pulmonary 

exacerbation, or cardiovascular abnormalities.   All subjects provided written 

informed consent and all studies were reviewed and approved by the University 

of Arizona Institutional Review Board.  Based on some of the results presented 

below we decided to expand our recruitment of CF patients to verify differences 

seen in pulmonary function between genotype groups.   
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Each of the healthy subjects reported to the laboratory on two separate 

occasions.  On the first visit they performed a progressive intensity exercise test 

to exhaustion on a cycle ergometer with pulmonary function and measures of 

lung diffusing capacity performed at rest and during each stage of exercise.  On 

the second visit to the lab subjects were administered nebulized albuterol and 

measures of exhaled sodium, pulmonary function, and lung diffusing capacity 

were taken at baseline and 30, 60, and 90 minutes post-albuterol administration.  

These two visits were designed to challenge fluid and ion regulation in the lungs 

by stimulating the β2-adrenergic receptors endogenously with epinephrine (which 

increases up to 1000 fold during peak exercise in humans) and exogenously 

using albuterol, a β2-adrenergic agonist.  This dissertation will also discuss the 

exercise visit from 18 CF patients.   

Expanded Studies:  In order to confirm genotype differences seen in the CF 

patient’s pulmonary function, we recruited additional CF subjects to complete 

genotyping and pulmonary function testing.  These patients were recruited from 

the CF clinic and their pulmonary function measures taken at their clinic visit 

were used in this study.   

2.1.2 Genotyping and Subject Grouping  

After completing informed consent, subjects completed buccal swabs, which 

allow non-invasive collection of DNA from the inside of each cheek.  The 

samples were immediately placed in a stabilizing buffer and sent to the University 



40 
 

of Arizona Genetics Core Laboratory to complete genotyping for SCNN1A (the 

gene encoding αENaC).  A TaqMan SNP assay for our SNP of interest 

(rs#2228576) was obtained from Life technologies and used to determine the 

subject’s αENaC genotypes.  After testing was complete subjects were grouped 

according to the amino acid at position 663 of αENaC.  Individuals who were 

homozygous for SCNN1A alleles resulting in alanine at amino acid 663 were 

grouped into the AA group, and individuals with at least one allele resulting in 

threonine at amino acid 663 of αENaC were grouped into the AT/TT group.  The 

heterozygotes were grouped with the threonine homozygotes as the threonine 

variant is the variant with the more functional ENaC channel and we were 

interested in the effect of this more functional channel on pulmonary function.  

The threonine variant is the minor allele and therefore less common, even in the 

expanded study with 40 CF patients we only had two subjects who were 

homozygous for alleles resulting in the threonine variant and in our healthy 

cohort there were only four patients who were homozygous for alleles resulting in 

the threonine variant.   

At the University of Arizona Genetics Core Laboratory the initial DNA 

quantification and quality control were performed using PicoGreen (Life 

Technologies, Carlsbad, CA).  10µL reactions were run on a 7900 Real-Time 

PCR system (Life Technologies) with TaqMan Universal PCR Master Mix, No 

AmpEraseRUNG (Life Technologies), 10ng DNA, and 1X Assay Mix.  Cycling 

conditions were as follows: 95ºC for 10 min, 50 cycles of 92ºC for 15 seconds, 
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and 60ºC for 1 minute. Genotyper software (SDS system, version 2.3; Applied 

Biosystems, Carlsbad, CA) was used for analysis.   

2.1.3 Cardiopulmonary Exercise Testing 

On this visit all subjects reported to the laboratory in a 2-hr fasted state.  Subjects 

with CF abstained from using β-agonists for at least 12 hours prior to the study.  

A venous blood sample was collected to assess hemoglobin concentration.  

Subjects completed baseline pulmonary function testing according to American 

Thoracic Society guidelines and predicted values were calculated according to 

equations from the National Health and Nutrition Examination Survey (NHANES) 

III151,152.  Subjects were outfitted with a 12-lead electrocardiogram (ECG) to 

assess heart rhythm (Marquette Electronics, Milwaukee, WI) and a finger sensor 

to assess peripheral oxygen saturation (N-600 Pulse Oximeter; Nellcor, Boulder, 

CO).  Heart rhythm and oxygen saturation were monitored continuously at rest 

and throughout exercise.  Subjects completed baseline measures of the diffusing 

capacity of the lung for carbon monoxide (DLCO) and nitric oxide (DLNO) in 

triplicate at rest.  Subjects then completed a progressive intensity exercise test to 

exhaustion on a cycle ergometer (Corival Lode B.V., The Netherlands) with the 

intensity increased after each three minute exercise stage.  Oxygen 

consumption, carbon dioxide production, respiratory rate, tidal volume, minute 

ventilation, heart rate, and oxygen were monitored continuously and averaged 

every three seconds throughout the test using a Medical Graphics CPX/D 
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metabolic cart (St. Paul, MN) interfaced with a Perkin Elmer MGA-1100 mass 

spectrometer (Wesley, MA).  Within each three minute stage DLCO, DLNO, and 

cardiac output were assessed.  The initial workload of the exercise test was 

based on the subject’s body size, self-reported exercise habits, and predicted 

VO2 and the workload increased by this same wattage every three minutes until 

exhaustion153
.   Exhaustion was determined when two of the three following 

criteria were met: inability to maintain a cadence of 60 revolutions per minute, 

rating of perceived exertion (RPE) of 18 or greater on the Borg scale154, or a 

respiratory exchange ratio (RER) of greater than or equal to 1.15.  We sought to 

complete each test within 12-15 minutes.   

2.1.4 Albuterol Administration 

For this visit, healthy subjects reported to the laboratory in a four hour fasted 

state. Subjects were not on any medications (i.e. β-agonist, β-blocker) that could 

influence the response to albuterol.  A 20-gauge venous catheter was placed for 

multiple blood sampling to assess hemoglobin and plasma ion levels.  Exhaled 

breath condensate (EBC) was collected for 25 minutes on a Jaeger EcoScreen 

device (Cardinal Health, Yorba Linda, CA) prior to albuterol administration and 

30, 60, and 90 minutes post-albuterol administration.   During EBC collection 

subjects performed normal tidal breathing in a seated position while wearing a 

nose clip.  Blood samples were taken at the midpoint of each EBC collection.  

Following each EBC collection DLCO and DLNO were assessed in triplicate.  A 
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Power Neb2 Nebulizer (Drive Medical, Port Washington, NY) was used to 

administer albuterol (2.5mg in 3mL normal saline) to the subjects.  During 

albuterol administration subjects breathed normally while seated and wearing a 

nose clip.  Administration continued until all liquid had been nebulized, typically 

within ten to twelve minutes.  Subjects were instructed to take a deep breath 

every two minutes during albuterol administration to improve drug delivery.  

Subjects rested for ten minutes after administration was complete to allow the 

drug to take effect.   

2.1.5 Diffusing Capacity of the Lung 

We utilized a rebreathe technique to simultaneously assess cardiac output, 

DLCO and its components: alveolar capillary membrane conductance (Dm) and 

pulmonary capillary blood volume (Vc) by measuring the exponential 

disappearance of acetylene, carbon monoxide (CO) and nitric oxide (NO) with 

respect to helium, an inert gas used to assess alveolar volume.  Measures were 

taken in an upright and seated position.  A Perkin Elmer MGA-1100 mass 

spectrometer and Sievers Instruments NO analyzer (Sievers Instruments, 

Boulder, Co) integrated with custom analysis software, which has been described 

previously, were used to calculate cardiac output, DLCO, and DLNO155-158. 

Briefly, subjects breathed into a 5-L anesthesia bag containing 9% helium, 0.7% 

acetylene, 0.3% C18O, 40PPM NO, 35% O2 and balanced with nitrogen for 8-10 

breaths with a respiratory rate controlled at 32 breaths per minute.  The NO was 
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diluted from an 800PPM NO tank immediately before each rebreathe maneuver.  

The heavy isotope of CO was utilized in order for the mass spectrometer to 

differentiate between CO and N2 which otherwise would have the same 

molecular weight and be indistinguishable via mass spectrometer.  The bag 

volume was held at 1575mL at rest and was based off of the subject’s tidal 

volume when maneuvers were completed during exercise to ensure there was 

not excess gas and that the bag did not collapse during the maneuver.  Accurate 

bag volumes were ensured using a timed switching circuit which, given a 

constant flow rate from the gas tank, resulted in the desired bag volume.  

Calibration of the switching circuit and gas tank for accurate volumes was 

completed before each study.  Subjects were switched from room air into the 

rebreathe bag at the end of a normal expiration (end-expiratory lung volume), 

breathed the test gas for 8-10 breaths, and were immediately switched back to 

room air.  The anesthesia bag was emptied via vacuum prior to each maneuver 

and filled with test gas immediately before the maneuver.   

During each maneuver custom software calculates the rate of disappearance of 

CO, NO, and acetylene with respect to helium, an inert gas.  Since acetylene 

crosses the respiratory membrane but does not bind to hemoglobin, its 

disappearance rate from the alveoli is limited primarily by the delivery of a new 

volume of blood to the pulmonary circulation.  In the absence of substantial 

shunt, the volume of blood flowing through the pulmonary circulation per minute 

is equal to that pumped through the systemic circulation per minute.  Therefore, 
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the disappearance of acetylene from the alveoli into the pulmonary circulation 

provides a measure of cardiac output.  DLCO is dependent both on the 

conductance of CO from the alveoli in to the pulmonary capillaries as well as the 

uptake of CO by hemoglobin155.  Unlike DLCO, DLNO is based primarily on the 

conductance of NO from the alveoli into the pulmonary capillaries, but is 

influenced very little by Vc.  This is because the affinity of NO for hemoglobin is 

around 280 times that of CO, resulting in a nearly instantaneous uptake of NO by 

hemoglobin.  Therefore, the resistance of the blood to the diffusing capacity of 

NO is considered insignificant and DLNO is thought to primarily reflect the 

alveolar capillary membrane conductance for NO (DMNO).  The simultaneous 

measurement of DLCO and DLNO allows DLCO to be broken down into its 

components Dm and Vc.  DMNO can be used to calculate the DM for CO 

(DMCO) by correcting for differences in molecular weight and solubility between 

NO and CO156,159,160.  The theoretical correction factor has been calculated to be 

1.93. Previous work has used correction factors as high as 2.49156,161-163.  Our 

group uses 2.11 as the correction factor as this has been shown to be most 

appropriate for the rebreathe technique with our software when compared to the 

standard breath hold technique for DLCO at three separate oxygen tensions164.  

Our group uses the rebreathe technique for measuring DLCO and its 

components as it only requires one maneuver to be performed, unlike the breath 

hold technique which requires three breath hold maneuvers to be performed at 3 

oxygen tensions.  This also allows DLCO to be assessed during exercise as a 



46 
 

breath hold technique is difficult for subjects to perform during exercise, 

particularly as the intensity is increased.  Pulmonary capillary blood volume was 

then calculated from measured DLCO by subtracting CO’s resistance to diffusion 

associated with the alveolar capillary barrier (DMCO) and correcting for 

differences in the rate of uptake and binding to hemoglobin (1/θ) due to 

differences in hemoglobin concentration and the alveolar partial pressure of 

oxygen.    

 1
𝐷𝐿𝐶𝑂

= 1
𝐷𝑀𝐶𝑂

+  1
𝜃𝐶𝑂∙𝑉𝑐

  

Where  1
𝜃𝐶𝑂

= ((0.73 × 𝑃𝐴𝑂2 + 0.0058) × 14.6
𝐻𝑏

)   

Hb is the hemoglobin concentration of each individual subject and PAO2 is the  

fraction expired O2 of each subject multiplied by barometric pressure and with 

water pressure subtracted.   

𝑃𝐴𝑂2 = 𝐹𝑒𝑂2  × (𝑃𝐵 − 47)   

 

2.1.6 Exhaled Breathe Condensate 

Exhaled breath condensate (EBC) was collected on a Jaeger EcoScreen unit 

with the subjects in a seated position wearing a nose clip.  For each time point 

EBC was collected for 25 minutes.  Sample collection cups were screwed into 

the bottom of the condenser unit which was attached to inspiratory and expiratory 
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valves so that all exhaled air is directed into the condenser and inspired air does 

not come into contact with the condenser unit.  The condenser and collection cup 

are then inserted into the lumen of the -20ºC cooling unit to facilitate 

condensation of the exhaled breath.  The condensed breath accumulates and 

drips down the condenser where it is collected in the collection cup.  A new 

condenser was used for each 25 minute sample collection within a subject.  

Subjects were instructed to swallow any saliva that accumulated during EBC 

collection as necessary.    Additionally, the Ecoscreen device has a saliva trap 

and angles upward away from the mouth so saliva travels back into the mouth 

rather than into the condenser in order to avoid salivary contamination of the 

EBC sample.  Samples were stored at -80ºC until all samples had been collected 

so batch analysis could be conducted.  Previous work by our group and others 

has shown that freezing samples does not influence EBC ion concentration165,166.  

Atomic absorption spectrophotometry (Analyst 100; Perkin0Elmer, Norwalk, CT) 

was used to assess sodium concentrations in EBC.  This technique has a 

detection limit of 0.01 µmol/L using an emission wavelength of 566.5 nm167, and 

samples were diluted as necessary to keep absorbance within the prepared 

standard solution curve with known concentrations of sodium diluted with Milli-Q 

water (Millipore, Burlington, MA) to concentrations of 0.01, 0.05, 0.10, 0.15, and 

0.20 mmol/L.   
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2.2 Results 

2.2.1 Healthy Subjects 

Demographics.  In our group of 31 healthy subjects we saw no differences 

between genotype groups in gender, age, height, weight, or body mass index.  

Additionally, at rest there were no differences between oxygen consumption, 

heart rate, mean arterial pressure, and oxygen saturation in the healthy subjects.  

Similar increases in heart rate, systolic blood pressure, respiratory rate, tidal 

volume, and ventilation in response to peak exercise in the healthy subjects.  

Both groups reached similar peak workloads.   

Pulmonary Function.  In the healthy subjects no differences in pulmonary 

function were observed between genotype groups at rest, or in response to 

albuterol administration.  As expected, albuterol resulted in bronchodilation as 

reflected by an increase in forced expiratory volume in the first second of the 

forced vital capacity (FEV1) as well as increased forced expiratory flow from 25-

75% of the forced vital capacity (FEF25-75).   

Exhaled Ions.  Baseline exhaled sodium was similar between genotype groups in 

the healthy subjects.  In response to albuterol administration the AA group had a 

significant decrease in exhaled sodium, suggesting a removal of sodium from the 

airways.  The AT/TT group did not demonstrate a decrease in exhaled sodium 

with albuterol administration, in fact the AT/TT group had a non-significant 15% 

increase in exhaled sodium in response to albuterol administration.  There was a 
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significant positive relationship between exhaled sodium and pulmonary function 

when expressed in absolute terms.   However, this relationship did not exist 

when pulmonary function was expressed as a percent predicted value, 

suggesting this was a function of lung size (ie. individuals with larger lungs had 

more exhaled sodium and moved more air in their forced vital capacity 

maneuver). 

Diffusing Capacity of the Lungs. There were no baseline differences in DLCO or 

its components between genotype groups in the healthy individuals at rest or in 

response to albuterol administration.  The healthy subjects did show a significant 

increase in Dm/Vc ratio with albuterol, suggesting an improvement in gas 

transfer.  In response to exercise, healthy subjects in the AA group demonstrated 

a greater percent increase in DLCO in response to peak exercise than healthy 

subjects in the AT/TT group.   

2.2.2 CF Patients 

Demographics.  In the 18 CF patients who participated in the study we saw no 

differences in genotype groups in age or height; however weight and body mass 

index were significantly lower in the AT/TT group.  No significant genotype group 

differences were seen in heart rate, mean arterial pressure, oxygen consumption, 

respiratory rate, tidal volume, or ventilation at rest or in response to peak 

exercise in the CF patients.  Both genotype groups reached similar peak 

workloads.   
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Upon increased recruitment we once again found that body mass index was 

significantly different between genotype groups.  The AT group had significantly 

lower body mass index than the AA group and the TT group tended to have 

lower body mass index than the AA group.   

Pulmonary Function.  In the CF patients, pulmonary function (FEV1 and FVC) 

was significantly lower in the AT/TT group than in the AA group.  Forced 

expiratory flow from 25-75% of the FVC (FEF25-75) also tended to be lower in 

the AT/TT group.  Upon increased recruitment pulmonary function tended to 

remain higher in the AA group and this carried into the peak expiratory flow 

measure.   

Exhaled Ions.  Exhaled breath condensate was collected in a subset of 15 CF 

patients.  No significant differences were seen in baseline exhaled sodium by 

genotype groups.  Exhaled chloride tended to be lower in patients with the AT 

genotype as compared to the AA group. 

Diffusing Capacity of the Lungs. In the CF patients there were no significant 

genotype differences in absolute diffusing capacity measures at rest, although 

the AA group tended to have a higher DLCO and DLNO corrected for alveolar 

volume (DLNO/VA).  In response to exercise, the AA group had a significantly 

smaller increase in DLCO, Dm, and DLNO/VA than CF patients in the AT/TT 

group despite the larger increase in Vc in the AA group.  This suggests a true 

improvement in gas transfer in the AT/TT group with exercise, which brought the 
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AT/TT group to similar absolute diffusing capacity levels as the AA group at peak 

exercise.     

2.3 Conclusions 

We found that this single nucleotide polymorphism in αENaC influences exhaled 

sodium in response to albuterol and the diffusing capacity of the lung in response 

to peak exercise in healthy individuals.  In both cases the AA group seemed to 

have a more favorable response to β2-adrenergic receptor stimulation, possibly 

due to a lower basal activity of ENaC.  We speculate that in subjects with the 

more active AT/TT variants there were more basally active channels and 

therefore fewer channels available to recruit in response to β2-adrenergic 

stimulation.   

This single nucleotide polymorphism in αENaC may influence body mass index 

and pulmonary function in CF patients.  Both of these markers are monitored 

over time and used as markers of disease severity in CF.  Exhaled chloride also 

tended to be lower in patients with at least one allele encoding the more active 

ENaC channel, possibly due to greater dehydration of the airways.  Taken 

together, these results may suggest that we have found a gene independent of 

CFTR which modifies disease severity in CF patients.  We also show that 

exercise may be important in improving diffusing capacity, particularly in patients 

with the AT/TT genotype who have the more active ENaC variant and may have 
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a greater benefit from exercise induced ENaC inhibition likely through the 

purinergic pathway.   

2.4 Future Directions 

As a side aim of future exercise studies in CF patients, I would like to continue to 

explore the effects of this αENaC polymorphism on disease severity as well as its 

effect on exhaled sodium and chloride.  Once inhaled ENaC antagonists with 

improved pharmacological profiles become available, I would like to test them in 

CF patients.  Epithelial sodium channel antagonists may be of particular use in 

patients with the more active threonine variant.  In addition, I would like to 

explore the influence of this polymorphism in αENaC on lung fluid regulation in 

response to additional stimuli in healthy humans.  Other clinical and 

environmental conditions that challenge lung fluid balance, albeit through 

different mechanisms, include heart failure and hypoxia.  Normobaric hypoxia 

causes pulmonary vasoconstriction and challenges lung fluid balance by 

increasing pulmonary vascular pressures.  I would like to investigate the 

influence of this polymorphism on lung fluid balance in response to acute 

normobaric hypoxia (overnight stay in a hypoxic tent with a fraction of inhaled 

oxygen of 12.5%, simulating ~15000ft of altitude) using the diffusing capacity of 

the lung, exhaled ions, and computed tomography as indirect measures of lung 

water.  I would use hypoxic exercise the next morning as an additional method to 

challenge lung fluid balance.  I would also use nebulized amiloride to 
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pharmacologically assess the role of ENaC in fluid balance in response to 

normobaric hypoxia and how this polymorphism in αENaC influences this role.   

Another experimental model I would like to use is rapid saline loading, which 

challenges the fluid clearance ability of the lungs, to look at the influence of this 

αENaC polymorphism on lung fluid clearance in an intact human.  I would also 

use inhaled amiloride in this experimental model to specifically assess the role of 

ENaC in the fluid clearance process.  Pulmonary congestion from rapid saline 

loading mimics the pulmonary congestion which occurs with heart failure.  These 

studies could help evaluate whether this αENaC polymorphism could be related 

to the prevalence for pulmonary edema formation.  Perhaps having the alanine 

variant would be protective against pulmonary edema due to their ability to 

increase sodium reabsorption in response to catecholamine stimulation.   
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APPENDIX A: GENETIC VARIATION OF THE ALPHA SUBUNIT OF THE 
EPITHELIAL NA+ CHANNEL INFLUENCES EXHALED NA+ IN HEALTHY 

HUMANS 
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APPENDIX B: GENETIC VARIATION OF ALPHA ENAC INFLUENCES LUNG 
DIFFUSION DURING EXERCISE IN HUMANS 
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APPENDIX C: GENETIC VARIATION OF SCNN1A INFLUENCES LUNG 
DIFFUSING CAPACITY IN CYSTIC FIBROSIS 
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APPENDIX D: GENETIC VARIATION OF THE ALPHA-SUBUNIT OF THE 
EPITHELIAL SODIUM CHANNEL INFLUENCES PULMONARY FUNCTION 

AND BODY MASS INDEX IN PATIENTS WITH CYSTIC FIBROSIS 
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Abstract  

Background: Epithelial sodium channels (ENaC) are expressed in the 

respiratory tract and are important in Na+ and fluid removal from the airways and 

alveoli. Cystic fibrosis (CF) is characterized by sodium hyperabsorption due to 

absence or diminished cystic fibrosis transmembrane conductance regulator 

(CFTR) function. The alpha subunit of ENaC contains a SNP (rs#2228576) at 

amino acid 663, with the less common variant (T663) demonstrating increased 

channel activity. We investigated the influence of this SNP on exhaled ions and 

pulmonary function in CF patients, predicting that those with the T663 variant 

would have less exhaled Na+ and lower pulmonary function than their 

counterparts with the A663 variant due to increased Na+ hyperabsorption and 

dehydration. 

Methods: In a clinic and laboratory setting, we assessed pulmonary 

function (forced vital capacity [FVC], forced expiratory volume in one second 

[FEV1], maximum forced expiratory flow [FEFmax]) in thirty one healthy subjects 

(n=18[58%], 9[29%], and 4[13%] for AA, AT and TT groups respectively)  and 

forty CF subjects (n=33[79%], 7[16%], and 2[5%] for AA, AT and TT groups 

respectively).  

Results: In CF patients exhaled Cl- was lower in patients with the TT 

genotype, and no genotype differences were seen in exhaled Na+.  FEFMAX was 

found to be significantly different between genotype groups.  FEV1/FVC 
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approached significance between genotype groups.  Additionally, body mass 

index differed between genotype groups in CF patients (BMI = 23±7, 19±0.4, and 

20±2.2kg/m2 for AA, AT and TT groups respectively).   

Conclusion: Genetic variation of alpha ENaC (rs#2228576) may influence 

BMI and pulmonary function in CF.   

 

Abbreviation List 

CF=Cystic Fibrosis; CFTR= cystic fibrosis transmembrane conductance 

regulator; Cl-=chloride; CaCCs= calcium-activated chloride channels; ENaC= 

epithelial sodium channel, A= alanine ; T=threonine; T663= threonine variant at 

amino acid 663 of alpha-subunit of the epithelial sodium channel; AA= individuals 

homozygous for alleles resulting in alanine at amino acid 663 of alpha ENaC; 

TT= individuals homozygous for alleles resulting in threonine at amino acid 663 

of alpha ENaC; AT= heterozygous individuals; ∆F508= Deletion of phenylalanine 

at amino acid 506 of CFTR; EBC= Exhaled breath condensate; FVC= forced vital 

capacity;FEV1= forced expiratory volume in one second; FEFMAX= maximum 

forced expiratory flow ; BMI=body mass index
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Introduction 

Cystic fibrosis (CF) is a disease affecting multiple organ systems including 

digestive, reproductive and respiratory systems. The respiratory tract is the 

primary organ system involved in the decline in health and associated mortality in 

individuals with CF.  In CF, patients develop thick mucus plugs that occlude the 

airways and result in a cycle of recurrent infections and inflammation 1. These 

complications restrict normal gas exchange resulting in reduced oxygenation of 

tissues and the potential for end organ damage. 

The underlying defect in patients living with CF is derived from a genetic 

abnormality in the cystic fibrosis transmembrane regulator (CFTR) protein, 

although there are other proteins that may contribute to the development or 

severity of CF2-4.   CFTR is a chloride (Cl-) channel in the apical membrane of the 

respiratory epithelium allowing for the secretion of Cl- to the luminal space and 

osmotically driven water translocation in response to ion movement.  In CF, 

genetic mutations result in a variety of problems involving the function of the 

CFTR protein (i.e. membrane trafficking, channel dysfunction), resulting in 

reduced overall chloride transfer and a subsequent drying of the luminal space, 

forming the thickened mucus that is a hallmark symptom of CF lung disease5,6.   

The epithelial sodium channel (ENaC) is a protein identified as a possible 

contributor to the pathogenesis of CF7. ENaC is expressed in the apical 

membrane of respiratory and intestinal epithelial cells and provides the rate 
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limiting step in excess fluid clearance from the lumen.  The pathophysiology of 

CF is explained by the isotonic volume hypothesis, where a reduction in chloride 

secretion is accompanied by an increase in Na+ clearance from the airspace.  

Previous studies have indicated that functional CFTR has an inhibitory effect on 

ENaC while mutated forms such as the delta-F508 CFTR do not share this 

inhibition of ENaC 8.  ENaC has multiple polymorphic loci throughout the protein.  

These polymorphisms have been postulated to affect the activity of ENaC by 

transcriptional regulation, channel number and open probability9-11.   

  Although alterations in the amino acid sequence of the ENaC β and γ 

subunits have demonstrated significant associations with conditions such as 

Liddles syndrome, a markedly salt-sensitive form of hypertension, the α-subunit 

is critical for proper assembly and function of the overall channel 12.  A common 

single nucleotide polymorphism of the α subunit results in an alanine (A) to 

threonine (T) substitution at amino acid 663.  The threonine variant (T663) of the 

ENaC α-subunit has demonstrated increases in channel activity when compared 

to the A663 variant9,13.  Additionally, the T663 variant has been associated with 

hypertension, likely due to increased Na+ reabsorption in the kidneys, in some 

but not all studies 14,15.  Epithelial sodium channel over-expression has been 

linked to CF-like obstructive lung disease in mouse models highlighting the 

importance of ENaC in CF and in lung fluid balance 7. Case reports as well as 

studies on populations of humans with a variety of ENaC mutations throughout 
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all three subunits have been linked to CF-like pulmonary disease formation, 

many of which had uncommon or non-existent mutations in CFTR 16,17.    

Previous research involving the α-subunit of ENaC at amino acid 663 has 

focused on in vitro analysis of overall ENaC activity.  Our group has 

demonstrated differences in the exhaled concentration of sodium in response to 

a β2-adrenergic agonist depending on αENaC genotype at position 663 in 

healthy humans18.  Additionally, we have shown αENaC 663 genotype 

differences in the diffusing capacity of the lung in response to exercise in healthy 

humans 19.  To our knowledge this is the first study to investigate the effect of this 

polymorphism on pulmonary function parameters or ion regulation in patients 

with CF.  Therefore, we sought to determine the effect of genetic variation at the 

663 position of the α-ENaC subunit on exhaled Cl- and exhaled Na+, and 

pulmonary function in CF patients.  We predicted that CF patients with the T663 

αENaC variant would have lower exhaled Na+ and pulmonary function when 

compared to patients with the A663 variant due to increased Na+ reabsorption as 

a result of more active ENaC leading to a drier lung and subsequent CF lung 

disease pathogenesis.   
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Methods 

Subjects 

Forty subjects with cystic fibrosis and thirty-one healthy subjects were 

recruited to participate in the study. The protocol was reviewed and approved by 

the University of Arizona Institutional Review Board, with all subjects provided 

informed consent prior to participation, and all aspects of the study conformed to 

the Declaration of Helsinki.  Following genotyping, subjects were stratified into 

three groups based on ENaC genotype where individuals homozygous for alleles 

resulting in alanine at amino acid 663 were classified as AA, individuals 

homozygous for alleles resulting in threonine at amino acid 663 were classified 

as TT, and those found to be heterozygous were classified as AT.  Demographic 

data for these groups are provided in Table 1.  Exclusion criteria for this study 

included inability to perform breathing or exercise tests, history of renal disease 

or estimated creatinine clearance < 55ml/min, pregnancy or planning to become 

pregnant during the course of the study, abnormal electrocardiogram, 

uncontrolled CF related diabetes, FEV1 less than 40% predicted, history of joint 

disease, pulmonary exacerbation within the last 2 weeks, pulmonary hemorrhage 

greater than 50cc within the last six months, currently taking antibiotics for a 

pulmonary exacerbation, or taking any experimental CF drugs.   

Protocol 
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Thirty-one healthy subjects and 15 subjects with CF completed pulmonary 

function testing and exhaled breath condensate collection in the Clinical 

Research Lab in the University of Arizona College of Pharmacy.  An additional 25 

subjects completed pulmonary function testing at the CF clinic associated with 

the University of Arizona Medical Center.  Upon arrival for the study visit subjects 

completed a buccal swab of each cheek and performed maximal expiratory flow 

maneuvers to assess pulmonary function.  Exhaled breath condensate (EBC) 

was collected from the subjects at the Clinical Research Lab for 25 minutes using 

the Jaeger EcoScreen (Cardinal Health, Yorba Linda, CA).  During the collection, 

subjects were seated upright and wore a nose clip while performing calm tidal 

breathing.  A blood sample was taken at the midway point of the EBC collection, 

and a renal function panel was performed to asses serum Na+, Cl-, K+, and urea.  

Subjects recruited through the CF clinic completed a buccal swab of each cheek 

and underwent pulmonary function testing at the clinic by a respiratory therapist.  

Pulmonary function measures from their clinic appointment were used for these 

patients.   

 Genotyping 

Subjects were instructed to swab the inside of each cheek, and place the 

swab into a stabilizing buffer solution for storage purposes.  Samples were sent 

to the University of Arizona Genetics Core Laboratory for genotyping of the 

αENaC amino acid at position 663 of both alleles using a Taqman SNP assay for 

rs#2228576. Genotyping of CFTR was also completed for CF patients who had 
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not previously been genotyped.  Briefly, sample swabs were placed in lysis buffer 

(Tris/EDTA 50mM, Sucrose25mM, NaCl 110mM, SDS 1%) and cooked 10hrs at 

55C with protease K.  Subsequent extraction was performed with custom 

magnetic bead protocol using SILANE chemistry (Life Technologies, Carlsbad, 

CA) on BioSprint96 extraction robot (QIAGEN, Gaithersburg, MD) as described 

previously20.  Pre-validated primers and probe sets for TaqMan Allelic 

Discrimination Assay were obtained from Life Technologies for rs#2228576.  

Custom primers and probe sets for TaqMan Allelic Discrimination Assay were 

generated via Life Technologies File Builder 3.1 software for CFTR genotyping.  

Reactions were run at 10uL, containing TaqMan Universal PCR Master Mix, No 

AmpEraseR UNG (Life Technologies), 10ng total DNA, and 1X Assay Mix.  All 

samples were processed and analyzed on 7900 Real-Time PCR System (Life 

Technologies) with cycling conditions (95oC for 10 minutes, 50 cycles of 92oC for 

15 seconds and 60oC for 1 minute) and Genotyper software (SDS system, 

version 2.3).    DNA quantification was performed using PicoGreen (Life 

Technologies).  

 

Exhaled Breath Condensate 

 The condensing system used in the present study was the Jaeger 

Ecoscreen cooling unit as described previously 21.  Briefly, sample collection 

cups were screwed onto the bottom of the condenser which was attached to an 

inhalation/exhalation valve and then the condenser and cup were inserted into 
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the lumen of the -20°C cooling system to facilitate condensation of exhaled 

breath for a 25 minute period.   

Exhaled breath condensate samples were stored at -80°C until the time of 

final batch analysis21,22.  Na+ concentrations were measured using an atomic 

absorption spectrophotometer (Analyst 100; Perkin-Elmer, Norwalk, CT) with a 

detection limit of 0.01 µmol/L. emission wavelength of 566.5 nm Na+ as 

previously described 21,23.  Chloride analysis was conducted using a Dionex 

AS11-HC column with a 100uL injection loop.  For each sample run, the eluent 

gradient was created from sodium hydroxide (2M) and nanopure water 

(Barnstead Nanopure, Waltham, MA) with the eluent concentration increasing 

linearly from 30 to 200mM over 18 minutes at a flow rate of 1.5mL per minute.  

The calibration curve was prepared from Cl- ion chromatography standard (SPEX 

Certiprep) to provide a detection range from 5 to 250µM Cl- .   

 

Assessment of Pulmonary Function 

Pulmonary function tests were performed according the American 

Thoracic Society standards.   Subjects performed forced expiratory volume and 

flow maneuvers in a seated position.  Percent predicted values for these 

pulmonary function measures were determined based on predicted equations 

from NHANES III 24,25.  Pulmonary function tests from the Clinical Research 

Laboratory in at the University of Arizona College of Pharmacy were performed 
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on a Medical Graphics CPX/D (St. Paul, MN; n=31 healthy subjects, n=15 CF 

subjects).  Pulmonary function tests performed in the CF clinic associated with 

the University of Arizona Medical Center in Tucson, AZ were performed on a 

Jaeger Masterscope (Yorba Linda, CA; n=25 CF subjects).   

Statistical Analysis 

All statistical comparisons were performed using the SPSS statistical 

software package (v. 19.0, Chicago, IL).  Separate one-way analysis of variance 

(ANOVA) tests for healthy and CF groups were used to determine differences 

between the three genotype group means.  Post-hoc analysis was performed 

using Tukey’s method to compare means between genotype groups when 

appropriate (i.e. AA vs. TT). Genotype distributions between conditions were 

compared by chi-squared test. All data are presented as mean±SD unless stated 

otherwise and an alpha level of 0.05 was selected to determine significance, a 

priori. 
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Results 

 In the healthy subjects 18 individuals were homozygous for alanine at 

amino acid 663 of alpha ENaC (AA), four individuals that were homozygous for 

threonine at position 663 (TT), and nine individuals with the heterozygous 

condition (AT).  In the CF patients there were 31 AA individuals, two TT 

individuals, and seven AT individuals.  There were no significant differences in 

age or BMI between healthy individuals and CF patients, however height, weight, 

and body surface area were significantly larger in the healthy subjects than in the 

CF patients (Table 1).  Demographics did not differ between genotype groups for 

the healthy subjects, but in the CF subjects BMI was significantly different 

between genotype groups.  Tukey’s post-hoc test revealed BMI was significantly 

lower in the AT group as compared to the AA group (p<0.05, Table 1). 

Measures of exhaled Na+ and Cl- were obtained from all healthy subjects 

and from a sub-set of CF subjects (n=15).  Exhaled Na+ and Cl- were not different 

between healthy and CF subjects.  As we have previously reported exhaled Na+ 

tended to differ by ENaC genotype group in healthy individuals 18.  No significant 

differences in exhaled Na+ were seen by genotype group in individuals with CF 

(Figure 1).  Exhaled Cl- tended to be higher in CF patients with the AA genotype 

as compared to CF patients with the heterozygous condition.  A statistical 

comparison was unable to be made between the AA and TT groups in the CF 

patients as there was only one individual homozygous for T663 who completed 
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the exhaled breath condensate collection.  However, the TT individual had lower 

exhaled Cl- than the AA group.   

   Based on the exhaled ion findings our laboratory sought to increase the 

sample size to determine the functional effects of this polymorphism.  In order to 

accomplish this, we performed pulmonary function tests on an additional 25 

subjects in the CF clinic.  However, due to time constraints these subjects did not 

complete EBC collection.  As expected, pulmonary function was significantly 

lower in CF patients than in healthy controls (Table 2).  Figure 1 depicts the 

percent predicted FVC, FEV1, and FEFmax by genotype groups in healthy and CF 

subjects.  Pulmonary function was not significantly different between genotype 

groups in healthy individuals, but in CF patients percent predicted FEFMAX was 

significantly lower in the TT group.  The reduction in FEV1/FVC for TT individuals 

approached significance (p=0.069).    
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Discussion  

This study suggests that genetic variation of the alpha subunit of the 

epithelial sodium channel may influence ions found in exhaled breath 

condensate, pulmonary function, and body mass index in patients with cystic 

fibrosis.  Ions in exhaled breath condensate (EBC) have not been measured 

previously in patients with cystic fibrosis to assess ion regulation.  Previous 

studies using exhaled breath condensate in CF patients have focused on nitric 

oxide and inflammatory markers to assess disease severity and predict 

exacerbations26,27.  In this study we found that CF patients who are homozygous 

for alanine at amino acid 663 of αENaC tend to have more Na+ in their EBC than 

patients homozygous for the allele resulting in threonine (the variant with the 

more active channel).  Patients with the A663 allele also tended to have a higher 

Cl- concentration in their exhaled breath condensate.    Chloride conductance 

into the luminal space (airway) is limited in CF, especially when there is elevated 

removal of luminal Cl- due to paracellular ion balance driven by increase Na+ 

clearance.  The lower Cl- in the AT and TT groups may be due to elevated 

removal of luminal Cl- due to paracellular ion balance driven by the increased 

Na+ clearance of the more active T663 allele.   

 Cystic fibrosis patients with the A663 allele tended to have better 

pulmonary function (FVC, FEV1, and FEFmax) than individuals homozygous or 

heterozygous for the T663 allele.  The more active ENaC variant could amplify 
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Na+ removal from the lungs resulting in a greater or earlier drying of the lungs 

and the subsequent decrements in pulmonary function seen in this study.  

Forced expiratory volume in one second (FEV1) has long been used as a marker 

for the status of CF patients and is associated with the direct prognosis of CF 

patients28-30, suggesting that the differences in pulmonary functions by ENaC 

genotype seen in this study may be of clinical importance in CF patients.  Since 

the genotype group with less exhaled Na+ and Cl- also had lower pulmonary 

function these data may suggest that this SNP in SCNN1A effects ion regulation 

and disease severity in the CF lung.  Interestingly, body mass index was also 

lower in the AT and TT groups, which is associated with increased mortality in 

CF patients31.     

Taken together, these results suggest that being homozygous or a carrier 

of the allele resulting in T663 αENaC may exacerbate the pathogenesis of CF.  

This study is limited statistically by the small number of CF patients in the AT and 

TT groups, therefore future work should seek to verify these findings in a larger 

population of CF patients.  In addition, other techniques for assessing ion 

regulation (ie. Nasal potential difference) could be utilized.  Drug therapies which 

decrease ENaC activity may be of particular interest in the treatment of patients 

with the T663 allele.   
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Conclusion 

This study suggests that genetic variation of alpha ENaC resulting in 

changes at amino acid 663 may influence BMI and pulmonary function in cystic 

fibrosis.  More studies are necessary to determine the effect of this SNP on cystic 

fibrosis disease severity.  
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Tables 

 

  

ANOVA  Healthy 
vs. CF

ENaC Genotype AA AT TT AA AT TT
ENaC Genotype Frequency (n) 18 9 4 31 7 2
ENaC Genotype Frequency (%) 58 29 13 77.5 17.5 5
Two ΔF508 CFTR mutations 0 0 0 11 7 2
One ΔF508 CFTR mutation 0 0 0 12 0 0
Zero ΔF508 CFTR mutations 18 9 4 8 0 0
Age (years) 25±2 31±11 27±3 ns 25±2 20±2 29±0
Height (cm) 174±3 172±3 169±8 p<0.05 168±2 168±2 177±1
Weight (kg) 69±3 74±5 72±6 p<0.05 67±3 54±2 63±6
BSA (m2) 1.83±.04 1.87±.06 1.82±.12 p<0.05 1.76±.04 1.60±.10 1.78±.06
BMI (kg/m2) 23±1 25±2 25±2 ns 24±0.7 19±0.4* 20±2.2

Cystic Fibrosis (n=40)Healthy (n=31)

Table 1. Subject Demographics

Values are mean±SEM.  ENaC genotypes: AA represents individuals homozygous for alleles resulting in alanine at amino acid 
663 of alpha ENaC, TT represents individuals homozygous for alleles resulting in threonine at amino acid 663 of alpha ENaC, 
and AT represents the heterozygous individuals.  *p<0.05 AA vs AT in individuals with CF.  ns, not significant. 
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ANOVA  
Healthy vs. CF

ENaC Genotype AA AT TT AA AT TT
FVC (L) 4.65±.26 4.49±.48 5.1±.50 p<0.05 3.62±.21 3.33±.47 3.28±1.07
FEV1 (L) 3.87±.20 3.46±.29 4.09±.21 p<0.05 2.61±.21 2.51±.41 1.76±.96
FEV1/FVC 0.84±.02 0.79±.08 0.81±.04 p<0.05 0.70±.02 0.74±.03 0.49±.13*
FEF25-75 (L/sec) 3.96±.22 3.16±.22 4.00±82 p<0.05 1.95±.25 2.08±.49 0.81±.54
FEFMax (L/sec) 8.54±.59 7.06±.68 8.33±.52 p<0.05 6.90±.44 5.60±.53 4.44±2.4

Table 2. Pulmonary Function

Healthy (n=31) Cystic Fibrosis (n=40)

Values are mean±SEM.  ENaC genotypes: AA represents individuals homozygous for alleles resulting in alanine 
at amino acid 663 of alpha ENaC, TT represents individuals homozygous for alleles resulting in threonine at 
amino acid 663 of alpha ENaC, and AT represents the heterozygous individuals. FVC, forced vital capacity; 
FEV1, forced expiratory volume in 1 second; FEF25-75, forced expiratory flow at 25-75% of FVC; FEFmax, 
maximum forced expiratory flow. *p=0.069 between genotype groups.
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Figure Legends 

Figure 1. Exhaled Ions in Healthy and CF Individuals by αENaC 663 

Genotype.  Panel A depicts  Na+  concentration in exhaled breath condensate 

and Panel B depicts Cl- concentration in exhaled breath condensate.  Values are 

mean±SEM.  ENaC genotypes: AA represents individuals homozygous for alleles 

resulting in alanine at amino acid 663 of alpha ENaC, TT represents individuals 

homozygous for alleles resulting in threonine at amino acid 663 of alpha ENaC, 

and AT represents the heterozygous individuals. 

Figure 2. Pulmonary Function in Healthy and CF individuals by αENaC 663 

Genotype.  Panel A depicts forced vital capacity as percent predicted.  Panel B 

depicts forced expiratory volume in 1 second (FEV1) as percent predicted 

(NHANES25).  Panel C depicts maximum forced expiratory flow (FEFmax) as 

percent predicted.  Values are mean±SEM.  ENaC genotypes: AA represents 

individuals homozygous for alleles resulting in alanine at amino acid 663 of alpha 

ENaC, TT represents individuals homozygous for alleles resulting in threonine at 

amino acid 663 of alpha ENaC, and AT represents the heterozygous individuals. 
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Figures 

Figure 1A 
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Figure 1B 
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Figure 2A 
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Figure 2B 
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Figure 2C 
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