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Abstract
Exercise, decompensated heart failure, and exposure to high altitude have been shown to cause
symptoms of pulmonary edema in some, but not all, subjects, suggesting a genetic component to
this response. Epithelial Na+ Channels (ENaC) regulate Na+ and fluid reabsorption in the alveolar
airspace in the lung. An increase in number and/or activity of ENaC has been shown to increase
lung fluid clearance. Previous work has demonstrated common functional genetic variants of the
α-subunit of ENaC, including an A→T substitution at amino acid 663 (αA663T). We sought to
determine the influence of the T663 variant of αENaC on lung diffusion at rest and at peak
exercise in healthy humans. Thirty healthy subjects were recruited for study and grouped
according to their SCNN1A genotype [n= 17vs.13, age=25±7vs.30±10yrs., BMI= 23±4vs.25±4kg/
m2, V ̇O2peak= 95±30vs.100±31%pred., mean±SD, for AA (homozygous for αA663) vs. AT/TT
groups (at least one αT663), respectively]. Measures of the diffusing capacity of the lungs for
carbon monoxide (DLCO), the diffusing capacity of the lungs for nitric oxide (DLNO), alveolar
volume (VA), and alveolar-capillary membrane conductance (DM) were taken at rest and at peak
exercise. Subjects expressing the AA polymorphism of ENaC showed a significantly greater
percent increase in DLCO and DLNO, and a significantly greater decrease in systemic vascular
resistance from rest to peak exercise than those with the AT/TT variant (DLCO=51±12vs.36±17%,
DLNO=51±24vs.32±25%, SVR=−67±3vs.−50±8%, p<0.05). The AA ENaC group also tended to
have a greater percent increase in DLCO/VA from rest to peak exercise, although this did not reach
statistical significance (49±26vs.33±26%, p=0.08). These results demonstrate that genetic
variation of the α-subunit of ENaC at amino acid 663 influences lung diffusion at peak exercise in
healthy humans, suggesting differences in alveolar Na+ and, therefore, fluid handling. These
findings could be important in determining who may be susceptible to pulmonary edema in
response to various clinical or environmental conditions.
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1. Introduction
Certain clinical and environmental conditions can challenge the ability of the lungs to handle
fluid. In a healthy lung, optimal lung fluid balance is regulated by both forces that control
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lung fluid accumulation and those that influence lung fluid removal. Given similar clinical
and environmental parameters, exposure to intense prolonged exercise, exposure to high
altitude, or development of heart failure can all lead to pulmonary edema in some, but not
all, individuals (Caillaud et al., 1995; Hopkins et al., 1997). However, not all sojourners to
high altitude, athletes, or patients with heart failure show evidence for pulmonary edema,
suggesting a genetic component to one’s susceptibility to pulmonary edema formation
(Guenette et al., 2007; Hodges et al., 2007; Hopkins et al., 1997; McKenzie et al., 2005).
While lung fluid accumulation is primarily passive and follows Starling’s law, lung fluid
clearance is an active process involving several pathways including activation of the
amiloride sensitive epithelial sodium channel (ENaC).

ENaC is a heteromeric sodium channel that is composed of three distinct subunits, alpha,
beta, and gamma (Canessa et al., 1994). ENaC is most functional as a heteromer consisting
of two α, β, and γ subunits, however the α-subunit is also able to create a functional channel
(Canessa et al., 1994). The α-subunit of ENaC has shown the greatest functional effect on
channel activity in oocyte expression, knock out, and RNA interference models (Canessa et
al., 1994; Hummler et al., 1996; Li and Folkesson, 2006). ENaC is expressed on the apical
membrane of principal cells in the distal tubule and collecting duct in the kidney, as well as
in the apical membrane of the type I and II alveolar cells in the lung (Garty and Palmer,
1997). The primary function of ENaC is to allow for the passive transport of Na+ down its
electrochemical gradient from the apical side of the cell into the cell, where Na+ is actively
extruded to the interstitial space by the Na+/K+ ATPase. In the kidney, ENaC reabsorbs Na+

from the glomerular filtrate and, as water follows salt, is a key player in the regulation of
blood volume. As a result, changes in activity of ENaC are associated with changes in blood
pressure (Ambrosius et al., 1999). In the lungs, the ENaC is located in the proximal and
distal airways as well as in the alveoli, and plays a major role in the regulation of lung fluid
balance (Eaton et al., 2004).

Diffusion of oxygen and carbon dioxide across the respiratory membrane requires tight
regulation of airway surface fluid, as increases or decreases in airway surface fluid will
affect gas transfer across the alveoli (Aarseth et al., 1975; Snyder et al., 2006b; Wallin and
Leksell, 1994). In the alveoli, ENaC mediates the movement of Na+, and therefore fluid,
from the airway surface fluid layer into the alveolar epithelial cell, where it is then pumped
into the interstitial space by the Na+/K+-ATPase. Water in the interstitial space is
subsequently returned to the circulation via the lymphatics. The importance of the ENaC in
lung fluid clearance is especially evident at birth, where ENaC knockout mice die within
forty hours of birth due to their inability to clear amniotic fluid from the lungs (Hummler et
al., 1996). Dysfunction of the ENaC has been associated with several pathological states.
Over-expression or over-activity of the ENaC can lead to a Cystic Fibrosis-like dry lung,
whereas low-Na+ affinity, low-activity or low-expression of the ENaC can lead to alveolar
flooding (Eaton et al., 2004).

Several functional polymorphisms of the ENaC α subunit have been reported, including a
common alanine to threonine substitution at amino acid 663 in the C-terminus of the ENaC.
The wildtype ENaC (αA663) variant shows decreased ENaC activity as compared to the
αT663 variant in oocyte models, due to decreased expression of ENaC in the membrane
(Samaha et al., 2004; Tong et al., 2006). Interestingly, αA663 ENaC has been shown to be
protective against hypertension, further supporting decreased channel activity and therefore
decreased Na+ reabsorption in the kidneys (Ambrosius et al., 1999).

There has been much debate as to whether pulmonary edema occurs (Caillaud et al., 1995;
Zavorsky, 2007) or does not occur (Guenette et al., 2007; Hodges et al., 2007; MacNutt et
al., 2007) during high-intensity sea level exercise. The development of acute exercise-
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induced pulmonary edema likely depends on the balance between fluid accumulation and
alveolar fluid clearance via ENaC-mediated transcellular Na+ transport. β-adrenergic
stimulation has been shown to increase ENaC mediated lung fluid clearance (Dumasius et
al., 2001; Li and Folkesson, 2006). Exercise results in a 1000 fold increase in epinephrine,
which is the primary agonist for β2-adrenergic stimulation (Snyder et al., 2006a).
Additionally, exercise has been shown to increase fluid clearance from interstitial space of
the lungs by the lymphatic system (Coates et al., 1993; Newman et al., 1988). Increased
ENaC activity during exercise, caused by β-adrenergic stimulation, may increase lung fluid
clearance and counteract the challenge of lung fluid accumulation. Currently, it is unknown
whether ENaC polymorphisms, such as the αA663T variant, have functional effects on lung
diffusion, as they do in the kidney.

Using exercise to stimulate catecholamine release (which activates β2-adrenergic receptors),
we sought to determine the influence of the αT663 polymorphism of ENaC on lung
diffusion at rest and at peak exercise in healthy humans. Due to increased ENaC activity
seen in the αT663 polymorphism in previous work, we predicted that those with at least one
allele encoding theαT663 variant (AT/TT) would show increased lung diffusion capacity at
peak exercise compared to those homozygous for the αA663 variant (AA) due to enhanced
ENaC-mediated lung fluid clearance.

2. Methods
2.1 Subjects

The protocol was reviewed and approved by the Institutional Review Board of the
University of Arizona. All participants provided written informed consent before
participating and all aspects of the study were performed according to the Declaration of
Helsinki. Thirty healthy subjects with no exclusion criteria (smoking, cardiovascular or
pulmonary abnormalities, inability to exercise, or pregnancy) were recruited for study (Table
2). All subjects were given a complete blood count to rule out anemia, and females were
tested for pregnancy. Cardiovascular and respiratory abnormalities were ruled out using
maximal exercise and pulmonary function tests. Subjects were genotyped and, following
data collection, grouped according to their SCNN1A genotype. Heterozygous individuals
and those homozygous for the αT663 were categorized into the AT/TT group. Individuals
homozygous for the αA663 variant were categorized into the AA group.

2.2 Protocol
Upon arrival in a two hour fasted state, subjects were consented and genotyped. A venous
blood sample was drawn for quantification of hemoglobin. Baseline diffusing capacity of the
lungs for carbon monoxide (DLCO), diffusing capacity of the lungs for nitric oxide (DLNO),
pulmonary function, and oxygen saturation (SaO2, Nellcor N-600 Pulse oximeter Boulder,
CO) were measured in triplicate. Subjects then completed a subject-specific maximal
exercise capacity test that was based on their reported type, speed and intensity of exercise,
as well as bodysize, predicted V̇O2 and training background (Hansen et al., 1984). Subjects
began exercising on a cycle ergometer (Corival Lode B.V., The Netherlands) at an
appropriate initial workload, which was increased by the initial workload every three
minutes until exhaustion (ie. initial workload of 50 watts with a 50 watt increase in
workload every three minutes). The exercise test ended with a three-minute recovery period
at the initial workload. Exhaustion was determined by an inability to maintain a pedal rate of
60–80 revolutions per minute, a rating of perceived exertion (RPE) of at least 18 out of 20,
or a respiratory exchange ratio (RER) greater than or equal to 1.15. The initial workload and
incremental increases per stage were determined through interviewing the subject’s exercise
habits and also based on height, weight, and age of the subjects. We sought to complete each
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exercise test in 12–15 minutes. Volume of oxygen consumed (V̇O2), volume of carbon
dioxide produced (V̇CO2), respiratory rate, tidal volume, and minute ventilation were
continuously monitored and averaged every three seconds during rest, exercise, and
recovery using a Medical Graphics CPX/D metabolic cart (St. Paul, MN) interfaced with a
Perkin Elmer MGA-1100 mass spectrometer (Perkin Elmer MGA-1100, Wesley, MA).
Heart rate (HR) was also continuously monitored during rest, exercise, and recovery by a
Marquette Electronics 12 lead electrocardiogram (Milwaukee, WI), which was also
interfaced with the Medical Graphics CPX/D metabolic cart. DLCO, DLNO, blood pressure
and SaO2 were measured during each stage of exercise.

2.3 Diffusing Capacity of the Lung and Cardiac Output
Pulmonary capillary blood volume, DM, and cardiac output (Q̇) can be determined
accurately by measuring the disappearance of nitric oxide (NO) in tandem with carbon
monoxide (CO) and acetylene, as described previously (Snyder et al., 2007; Snyder et al.,
2005; Snyder et al., 2008; Tamhane et al., 2001). Triplicate maneuvers of the diffusing
capacity of the lungs for carbon monoxide (DLCO), and nitric oxide (DLNO) were performed
in conjunction with the acetylene wash-in method for determining Q̇ at baseline and during
recovery. Single maneuvers of DLCO, DLNO, and Q ̇ were performed during each stage of
exercise.

DLCO, DLNO, and Q ̇ were measured in an upright and seated position using the rebreathe
technique, with gases sampled by a mass spectrometer (Perkin Elmer MGA-1100, Wesley,
MA) and NO analyzer (Seivers Instruments, Boulder, CO) integrated with custom analysis
software, as described previously(Snyder et al., 2006b; Snyder et al., 2005; Wheatley et al.,
2011a; Wheatley et al., 2011b). Subjects breathed into a five-liter rebreathe bag containing
0.7% acetylene, 9% helium, 0.3% carbon monoxide (C18O), 40 PPM NO, and 35% O2 with
a respiratory rate controlled at 32 breaths per minute via metronome. The 40 PPM NO was
diluted in the anesthesia bag immediately before each maneuver from an 800 PPM NO tank.
C18O was used instead of the more common C16O to enable the mass spectrometer to
distinguish between C16O and N2, which have similar molecular weights. The total volume
of gas in the rebreathe bag was determined by the tidal volume of the subject during
exercise, and was standardized at 1575mL at rest. Consistent bag volumes were ensured
using a timed switching circuit which resulted in the desired volume, given a constant rate of
flow from the tank. The switching circuit and tank were calibrated for accurate volumes
before each test. At the end of a normal expiration (EELV, end-expiratory lung volume)
subjects were switched into the rebreathe bag and breathed the test gas for eight to ten
breaths. Following each maneuver, the rebreathe bag was emptied via vacuum and refilled
immediately before the next maneuver.

Membrane conductance and binding of carbon monoxide to hemoglobin contribute to the
diffusion capacity of the lungs for carbon monoxide (Tamhane et al., 2001). Acetylene does
not bind to hemoglobin, and therefore its disappearance is limited by the delivery of a new
volume of blood to the lungs, providing a measure of cardiac output. Custom software was
used to calculate the rate of disappearance of the gases with each breath calculated from the
slope of the exponential disappearance for each gas with respect to helium (Snyder et al.,
2005). Unlike DLCO, DLNO is based primarily on membrane conductance (DMNO) as nitric
oxide is scavenged 280 times faster by hemoglobin than oxygen, causing the uptake of NO
to be essentially instantaneous (DLNO≈DMNO). Therefore, DLNO is considered a direct
measure of membrane conductance as the diffusion resistance of the blood is insignificant
(Hsia, 2002; Hsia and Raskin, 2005; Roughton and Forster, 1957; Tamhane et al., 2001).
DMNO was then used to calculate the DM for carbon monoxide (DMCO) by correcting for
their different diffusion constants based on molecular weight and solubility as described
previously (Hsia, 2002; Hsia and Raskin, 2005; Roughton and Forster, 1957; Tamhane et al.,
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2001). Recently, Ceridon et al. has demonstrated that a correction factor of 2.11 is most
appropriate during exercise (Ceridon et al., 2010). Pulmonary-capillary blood volume was
then calculated from the DLCO measured by subtracting the resistance to diffusion
associated with alveolar-capillary barrier (DMCO). Finally, we corrected for individual
differences in the rate of uptake and binding to hemoglobin due to differences in
hemoglobin concentrations (14.6 g/dl used as the normal hemoglobin concentration) and the
alveolar pressure of oxygen.

2.4 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. Briefly, initial DNA quantitation
and QC was performed using PicoGreen (Life Technologies). Pre-validated primers and
probe sets for TaqMan Allelic Discrimination Assay were obtained from Life Technologies.
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
processed and analyzed on 7900 Real-Time PCR System (Life Technologies) with cycling
conditions (95°C for 10 minutes, 50 cycles of 92°C for 15 seconds and 60°C for 1 minute)
and Genotyper software (SDS system, version 2.3).

2.5 Hemoglobin Concentration
Hemoglobin was measured at the University of Arizona Medical Center Pathology
Laboratory using a cyanide-free hemoglobin method on an ADVIA 2120 Hematology
system.

2.6 Calculation of Systemic Vascular Resistance and Mean Arterial Pressure
Mean arterial pressure (MAP) was calculated from systolic and diastolic blood pressures
obtained using the auscultation technique with the same technician performing all measures.
Systolic and diastolic blood pressure measures were taken during each stage of exercise,
rest, and recovery. Mean Arterial Pressure was calculated as follows:

Systemic vascular resistance was calculated as follows:

Where 10 is the estimated pulmonary artery wedge pressure and 80 is a numerical constant
which compensates for the units used in the calculation.

2.7 Statistical Analyses
The SPSS statistical software package (v.18; SPSS, Inc., Chicago, IL) was used for all
statistical analyses. After confirming equality of variance with a Levene’s Test, a t-test was
used to determine significance between genotype groups at rest and peak exercise as well as
for percent change from rest to peak exercise. An α level of 0.05 or lower was considered
significant. All data are presented as mean ± SD, unless otherwise stated.
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3. Results
The amino acid at position 663 was first reported to most commonly be threonine, however
the consensus sequence at amino acid position 663 more recently is believed to be alanine
(Ambrosius et al., 1999; Pratt, 2003). Therefore, threonine at position 663 is the
polymorphism and in this study wildtype individuals (A663) were compared to nonwildtype
individuals (at least one allele encoding T663). Table 1 shows the sequence alignments from
several established mammalian sequences around amino acid 663.

Healthy subjects with at least one SCNN1A allele resulting in a threonine at amino acid 663
(AT/TT group) or with a homozygous SCNN1A genotype resulting in an alanine at amino
acid 663 (AA group) were similar in gender, age, height, weight, and pulmonary function
(Table 2). At rest, there were no observed differences in V̇O2, HR, MAP, SaO2, DLCO,
DLNO, and DM between AT/TT and AA groups (Table 3, Table 4).

Exercise resulted in similar increases in HR, systolic BP, V̇O2, respiratory rate, tidal volume,
and ventilation for AA and AT/TT groups (Table 3). The exercise tests were completed in
15 minutes on average. Subjects with the AA variant demonstrated a significantly greater
percent increase in DLCO and DLNO as compared to the AT/TT variant (DLCO=51±12 vs.
36±17%, DLNO=51±24 vs. 32±25%, Figure 1, p<0.05). No outliers were found upon
comparing each individual’s percent change in DLCO, DLNO, or DM from rest to peak
exercise to the rest of their group (data not shown). A significantly greater decrease in
systemic vascular resistance (SVR) was seen in the AA variant than the AT/TT variant from
rest to peak exercise (SVR=−67±3 vs. −50±8%, Figure 2, p<0.05). The AA ENaC group
tended to have a greater percent increase in DLCO/VA from rest to peak exercise, although
this trend did not reach significance (DLCO/VA=49±26 vs. 33±26%, p=0.08). The increase
in DM from rest to peak exercise was similar between AA and AT/TT polymorphisms of
ENaC, although higher in the AA (DM=45±21 vs. 32±26%). Exercise tended to cause a
greater increase in VC for the AA ENaC group as compared to the AT/TT group (VC=87±13
vs. 59±11%). No differences in DM/VC were seen during recovery.

4. Discussion
In the present study we demonstrate that genetic variation of the alpha subunit of ENaC at
amino acid 663 influences lung diffusion in response to peak exercise in untrained
individuals. The diffusing capacity of the lung corresponds to the conductance of gas,
oxygen or carbon monoxide (DLCO), from the alveolar airspace to capillary hemoglobin
expressed as mL/min/mmHg. During exercise, the diffusing capacity of the lung for oxygen,
DLCO, and DLNO increase with cardiac output. These increases result from alveolar
recruitment as lung volume increases, recruitment of unevenly perfused or unperfused
capillary beds as cardiac output increases, or through lung fluid clearance (Hsia, 2002;
Snyder et al., 2006b). The diffusing capacity of the lungs for carbon monoxide is determined
by its components: membrane conductance (DM) and pulmonary capillary blood volume
(VC). While DLCO can be influenced by both DM and VC, DLNO is thought to be a surrogate
of DM, given the affinity of hemoglobin for NO. Similar to previous studies, we have
demonstrated an increase in both DLCO and DLNO with exercise in both groups (Hsia, 2002;
Tamhane et al., 2001; Wheatley et al., 2011a; Wheatley et al., 2011b). We found that the AA
group (which has previously been shown to have reduced ENaC activity) had a greater
percent increase in DLCO, DLNO, and DLCO/VA with exercise (endogenous β2-adrenergic
stimulation) as compared to the AT/TT group. This result was opposite of what we had
expected, possibly indicating a greater response in the AA group to β-adrenergic receptor-
mediated alterations in channel function. Upon separating DLCO into its components, DM
and VC, we observed non-significant increases in both DM and VC which together lead to

Baker et al. Page 6

Respir Physiol Neurobiol. Author manuscript; available in PMC 2012 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the differences seen between groups in DLCO. We suspect that the difference in VC seen
between groups is due to differences in ENaC mediated Na+ retention in the kidney and
therefore an overall larger plasma volume seen in the AA group. Previous work has found
that increasing plasma volume in healthy humans tends to lower peripheral resistance, while
maintaining similar blood pressure and similar cardiac output in response to exercise
(Hopper et al., 1988). The significantly larger percent decrease in systemic vascular
resistance from rest to peak exercise in the AA group may also be indicative of a larger
plasma volume in the AA group as compared to the AT/TT group. No difference was seen in
cardiac output or blood pressure between the groups. At peak exercise there is a significant
negative correlation between VC and SVR, suggesting that individuals with a lower SVR
also tend to have higher VC (−.468, p<0.01). Although we found an increase in DLCO,
DLNO, and a trend towards an increase in DLCO/VA, VC and DM, we did not demonstrate
differences in VO2 or SaO2 at peak exercise suggesting that this difference in lung diffusion
has limited functional consequences in untrained subjects.

Regulation of ENaC can occur through stimulation of the β2-adrenergic receptor by
epinephrine. Additionally, ENaC can be regulated through direct activation as a result of
increases in shear stress in response to increased ventilation (Eaton et al., 2004; Fronius et
al.). Shear forces on the alveolar epithelium increase during exercise due to increased
airflow through the airways (Tarran et al., 2006; Wirtz and Dobbs, 2000). The differences
seen in DLCO and DLNO from rest to peak exercise between the genetic variants at amino
acid 663 of ENaC may have resulted from either the response to adrenergic stimulation or
the response to sheer stress.

Lung fluid balance is controlled by factors that influence both lung fluid accumulation
(including pulmonary arterial pressure changes) and those that influence lung fluid removal
(including lymphatic drainage and ion removal from the alveolar airspace). Previous
research has demonstrated that exercise, particularly in elite athletes and animals, can
challenge the ability of the lungs to regulate fluid (Caillaud et al., 1995; Schaffartzik et al.,
1993; Zavorsky, 2007). Although there have been studies that have demonstrated evidence
for lung fluid accumulation, and even pulmonary edema, in subjects who undertake
prolonged intense exercise, conclusive data that all athletes develop pulmonary edema with
exercise is controversial (Manier et al., 1999; McKenzie et al., 2005). Red blood cells have
been found in bronchoalveolar lavage fluid following intense exercise in athletes, suggesting
movement from the pulmonary circulation into the airways (Hopkins et al., 1997). Similarly,
prolonged exercise has shown radiographic evidence for pulmonary edema using chest x-ray
(McKechnie et al., 1979). In addition, studies utilizing CT-scanning have demonstrated an
increase in lung density following normoxic exercise, although this was likely due to an
increase in pulmonary blood volume, rather than lung water (Caillaud et al., 1995; Guenette
et al., 2007). Other research using normoxic and hypoxic exercise as a potential stimulus for
lung fluid accumulation has demonstrated an increase in alveolar-capillary membrane
conductance, even when corrected for changes in pulmonary capillary blood volume, and a
decrease in lung density when corrected for changes in pulmonary blood volume, suggesting
a loss of lung water (Hodges et al., 2007; Snyder et al., 2006b).

The findings of the present study clearly indicate the activity of a known lung fluid
clearance pathway is important during exercise. Research has shown that stimulation of the
β2- adrenergic receptors via an endogenous or exogenous agonist results in an increase in the
number and activity of ENaC on the apical side of alveolar cells (Johnson et al., 2006;
Minakata et al., 1998). Increasing ENaC activity allows for the movement of Na+ from the
alveolar airspace into type-I and type-II alveolar cells where Na+ is subsequently removed
from the cell via the Na+/K+-ATPase. As water follows salt, water is also moved into the
interstitial space and then cleared by the lymphatic system. Exercise causes an increase in
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lymphatic drainage from the lungs. Maximal exercise results in an increase in epinephrine
(an endogenous β2-adrenergic receptor agonist) up to 1000-fold that of rest (Snyder et al.,
2006a). Because of exercise-induced increases in epinephrine, along with the SCNN1A
genotype-related change in lung diffusion from rest to peak exercise, it is likely that baseline
ENaC activity level and the response to activation of ENaC was the primary driving force
for the differences observed in the present study.

In a companion paper in this issue of the journal we provide evidence that the administration
of an exogenous β2-agonist decreases exhaled Na+ differentially according to these same
genetic variants of ENaC. Combined, these papers suggest that both exogenous and
endogenous activation of ENaC can result in a decrease in exhaled Na+ at rest and increase
in lung diffusion with exercise.

5. Limitations
Several factors may have limited this study. Subjects were grouped into AA and AT/TT
groups due to sample size. The heterozygous individuals were grouped with those
homozygous for threonine at amino acid 663 as the wildtype gene encodes alanine at
position 663. A larger sample size would have allowed the groups to be split into AA, TT,
and AT groups, and future studies will allow for this separation. Only one DLCO/DLNO
maneuver was completed during peak exercise as the subjects would not able to maintain
peak exercise long enough to complete multiple DLCO and DLNO trials. Also, healthy
untrained subjects who are not likely prone to alveolar flooding because of relatively low
cardiac outputs were used in this study. These findings may be particularly important in
athletes who participate in prolonged high intensity exercise and are more prone to alveolar
flooding due to high pulmonary arterial pressures that untrained individuals are unable to
reach.

6. Conclusion
We found that genetic variation of the α-subunit of ENaC at amino acid 663 affects lung
diffusion with exercise. Those in the AA group had a larger percent increase in DLCO and
DLNO from rest to peak exercise than those in the AT/TT group. The larger percent increase
for those in the AA group was likely attributable to lower basal ENaC activity and a larger
increase in ENaC activity in response to β2-adrenergic stimulation as compared to the AT/
TT group. These results may be particularly important in explaining why some, but not all,
individuals develop pulmonary edema in response to various clinical and environmental
conditions.
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Figure 1.
Percent increase in the diffusing capacity of the lung for carbon monoxide (DLCO) and the
diffusing capacity of the lung for nitric oxide (DLNO) in response to peak exercise. The
filled in bars represent the AA group (homozygous for SCNN1A resulting in alanine at
amino acid 663) and the open bars represent the AT/TT group (at least one copy of
SCNN1A resulting in threonine at amino acid 663). The error bars represent the SE of the
mean. *P <0.05 between groups.
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Figure 2.
Percent decrease in systemic vascular resistance (SVR) in response to peak exercise. The
filled in bars represent the AA group (homozygous for SCNN1A resulting in alanine at
amino acid 663) and the open bars represent the AT/TT group (at least one copy of
SCNN1A resulting in threonine at amino acid 663). The error bars represent the SE of the
mean. *P<0.05 between groups.
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Table 2

Subject Characteristics

AT/TT AA

n 13 18

Age (years) 30±10 25±7

Gender (% female) 46 39

Height (cm) 171±3 173±3

Weight (kg) 73±4 69±3

BMI (kg/m2) 25±1 23±1

VO2 peak (% predicted) 100±9 95±7

FVC (% predicted) 100±6 95±3

FEV1 (% predicted) 95±5 95±3

FEF25–75 (% predicted) 87±7 92±5

Values are mean ±SD; BMI, body mass index; VO2, volume of oxygen consumed; FVC, forced vital capacity; FEV1, forced expiratory volume in
1 second; FEF25–75, forced expiratory flow 25–75%.
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Table 3

Cardiopulmonary response to exercise

AT/TT AA

Rest Peak Exercise Rest Peak Exercise

Workload (Watts) 0 178±72 0 185±61

Heart Rate 83±19 178±16 79±12 180±13

Cardiac Output (L/min) 6±2 17±5 5±2 16±6

SBP (mmHg) 110±9 157±15 109±11 157±24

DBP (mmHg) 73±7 61±29 69±8 59±21

MAP (mmHg) 85±7 93±19 83±8 91±14

VO2 (mL/kg/min) 6±1 34±12 6±2 36±12

RR (breaths/min) 19±13 41±12 18±4 42±11

VT BTPS (mL) 889±388 2381±783 785±238 2199±587

VE BTPS (L/min) 15±6 93±33 14±4 92±30

Values are mean±SD; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; VO2, volume of oxygen
consumed; RR, respiratory rate, VT BTPS, tidal volume standardized for temperature, pressure, and humidity, VE BTPS, minute ventilation
standardized for temperature, pressure, and humidity.
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