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Abstract
Although the airway surface is the anatomic target for many lung disease therapies, measuring
drug concentrations and activities on these surfaces poses considerable challenges. We tested
whether mass spectrometric analysis of exhaled breath condensate (EBC) could be utilized to non-
invasively measure airway drug pharmacokinetics and predicted pharmacological activities.

Mass spectrometric methods were developed to detect a novel epithelial sodium channel blocker
(GS-9411/P-680), two metabolites, a chemically related internal standard, plus naturally occurring
solutes including urea as a dilution marker. These methods were then applied to EBC and serum
collected from four (Floridian) sheep before, during and after inhalation of nebulized GS-9411/
P-680. Electrolyte content of EBC and serum was also assessed as a potential pharmacodynamic
marker of drug activity. Airway surface concentrations of drug, metabolites, and electrolytes were
calculated from EBC measures using EBC:serum urea based dilution factors.

GS-9411/P-680 and its metabolites were quantifiable in the sheep EBC, with peak airway
concentrations between 1.9–3.4 μM measured 1 hour after inhalation. In serum, only Metabolite
#1 was quantifiable, with peak concentrations ~60-fold lower than those in the airway (45 nM at 1
hour). EBC electrolyte concentrations suggested a pharmacological effect; but this effect was not
statistical significant.

Analysis of EBC collected during an inhalation drug study provided a method for quantification of
airway drug and metabolites via mass spectrometry. Application of this methodology could
provide an important tool in development and testing of drugs for airways diseases.
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1. Introduction
Chronic airway diseases such as cystic fibrosis and chronic obstructive pulmonary disease
are important causes of morbidity and mortality in the developed world [1, 2]. Because
much of the pathophysiology of these diseases is localized to the airways, the surface of the
airway epithelium represents the anatomic target for many pharmacological therapies. While
the therapeutic benefit of these pharmaceutical agents is highly dependent on their
concentrations in the airway, accurately measuring airway drug concentrations poses
significant challenges to drug development. Healthy subjects and those with mild disease
typically cannot spontaneously expectorate sputum for airway studies. Bronchoalveolar
lavage and sputum induction have been utilized to obtain airway samples for drug
concentrations [3, 4], but both methods involve technical and interpretation challenges that
limit use. Furthermore, both lavage and sputum induction require installation of salt
solutions to the airway that induce changes to the airway milieu that may alter
concentrations of drugs and/or biomarkers of efficacy.

Exhaled breath condensate (EBC)1 has emerged as a respiratory sample with advantages
over sputum or lavage fluid for assessing airway drug pharmacokinetics. EBC collection is
simple and non-invasive, making longitudinal assessments feasible without altering airway
constituents. Furthermore, recent studies suggest that the aerosols incorporated within EBC
arise from the small airways [5, 6], which is also the site of early airways disease
pathophysiology and the anatomic target for many therapies [7, 8]. However, analysis of
EBC does pose considerable challenges. Airway secretions are highly dilute in EBC
(dilution factors often >1:10,000) [9, 10], and highly sensitive methods are required to
measure drugs and biomarkers at the low concentrations found in EBC [9, 11, 12].
Furthermore, the extent of dilution can vary considerably both between subjects and within a
subject over time [9, 10, 13], complicating analysis of longitudinal changes in airway
concentrations from measured EBC values.

We have developed methods to overcome these limitations by using mass spectrometry
(MS) to measure multiple small molecules and metabolites at the low concentrations found
in EBC. Because mass spectrometry is highly versatile, simultaneous measurements of
concentrations of drugs, naturally occurring biomarkers, and dilution markers such as urea
can be made to measure the pharmacokinetics of drugs delivered to airway surfaces.
Dilution factors calculated from EBC:serum urea ratios can be used to control for dilutional
variability and determine the actual concentrations of drugs and other metabolites on airway
surfaces [13].

To assess the feasibility of EBC based measurement of airway drug pharmacokinetics, we
developed MS methods to measure the concentrations of an investigational sodium channel
antagonist GS-9411/P-680 and its metabolites at the low concentrations predicted in EBC.
We then applied these methods to measure the drug, its metabolites, urea, and other
constituents of airway secretions within EBC and serum collected during an animal study of
inhalation of GS-9411/P-680. A sheep model was chosen for this study because this large

1Abbreviations: EBC, exhaled breath condensate; MS, mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; SRM, selected reaction monitoring; ICP-OES, inductively coupled plasma-optical emission spectrography; ICP-MS,
inductively coupled plasma-mass spectrography; Na, sodium; K, potassium.
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animal model has been used successfully in monitoring respiratory effects post aerosol
dosing with pharmacologic agents [14, 15].

2. Methods
2.1 EBC and serum collection

The animal study was conducted at Mount Sinai Medical Center, in Miami, Florida and
approved by an Institutional Animal Care and Use Committee (Protocol # 11-08-A-04).
Four adult female ewes (Florida Native breed) ranging from 2 to 6 years in age were
attained from Fairmeadow Farms (Ocala, Florida). The procedures utilized for animal
restraint and dose administration via naso-tracheal intubation were similar that described
previously [16]. A total of 4 mL of 3 mM GS-9411/P-680 in water was aerosolized using a
raindrop nebulizer over 10–15 minutes and delivered to the sheep lungs through the
endotracheal tube. EBC was collected via an RTube (Respiratory Research, Inc,
Charlottesville, VA) connected to the exhalation loop of the endotracheal tube, with chiller
tubes held at −80°C until immediately prior to collection and maintained over dry ice for the
30 min collection. Each collection was captured from tidal breathing at predose,
immediately after dose, and at 1, 2, 4, and 6 hour time points. EBC was extracted from the
RTube via the manufacturer’s instructions at stored at −80°C until analysis. Serum was
obtained through blood draws at predose and at 1 and 6 hours post dose time points.

2.2 Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
All samples were analyzed on an LC-MS/MS system consisting of an Acquity sample
manager with a Thermo-Finnigan triple quadrupole mass spectrometer. Chromatographic
separation was achieved on a C18 UPLC column (Waters HSS T3 2.1 × 150 mm) using
gradients of 5–95% methanol in 0.1% formic acid, with a run time of 10 minutes. The
method included selected reaction monitoring transitions from parent to product ion for drug
and its metabolites as described in the text, plus urea, adenosine, tyrosine, and phenylalanine
as previously described [10, 11]. Peak areas were determined using the Xcalibur software
program, and signal for each compound was defined as the peak area ratio of an authentic
compound to an internal standard. Concentrations were determined via standard curves run
in parallel.

For EBC, samples were thawed and divided into two aliquots. 400 μl was utilized for LC-
MS/MS and the remainder for electrolyte determination (described below). For each 400 μl
EBC sample, 20 μl of an internal standard solution was added that contained stable
isotopically labeled urea, purines, and amino acids as previously described [10, 11] plus 50
nM of drug internal standard. EBC samples plus internal standard solution were lyophilized
to dryness overnight then resuspended in 20 μl of 50:50 water:methanol solution prior to
LC-MS/MS. 10 μl was then injected onto the LC-MS/MS system.

For serum, samples were thawed and 5 μl of a 20x concentration internal standard solution
was added to 95 μl serum. 5 μl was injected onto the LC-MS/MS system.

2.3 Electrolyte analysis
Sodium and potassium concentrations in serum and EBC were initially measured using
inductively coupled plasma-optical emission spectrography (ICP-OES as previously
described [10]). However, because EBC electrolyte concentrations were often below reliable
quantification limits by ICP-OES, EBC sodium and potassium concentrations were
quantified using a more sensitive Perkin Elmer Elan 6000 inductively coupled plasma mass
spectrometer (ICP-MS).
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2.4 Statistical analysis
Changes in airway or serum electrolyte concentrations over time or airway and serum drug
concentrations were assessed using linear regression, and Student’s T-tests was used to
assess differences between pre-dose and immediately post-dose time points. Statistical tests
were performed using GraphPad Prism v5.0 (GraphPad Software, San Diego California,
USA). Data are presented as mean ± SEM.

3. Results
3.1 Mass spectrometric detection of drug and metabolites

Mass spectrometric methods were developed for the experimental epithelial sodium channel
blocker GS-9411/P-680 as well as its primary metabolites (Metabolite #1 and Metabolite
#2). An inactive analogue similar to GS-9411/P-680 was used as an internal standard. The
primary molecular ion, primary breakdown product ions, and optimal collision energy to
create product ions in tandem mass spectrometry were determined empirically for each
compound via loop injection of 10 μM concentrations in a triple-quadrupole mass
spectrometer (Table 1). From these data, a set of four selected reaction monitoring (SRM)
transitions were chosen, with each identifying one compound uniquely by its transition from
molecular ion to product ion in tandem mass spectrometry.

The utility of this method was tested in a LC-MS/MS system, with chromatographic
conditions and mass spectrometric conditions similar to those previously described for
detection of purines and urea [10, 11]. In LC-MS/MS, injection of a drug mix resulted in a
single peak for each SRM transition, although chromatographic separation among the
different peaks was modest (Figure 1A). To assess the specificity of each SRM transition, 5
μL of 100 nM of each compound was injected individually, and the signal generated from
all four SRM transitions was monitored. As expected, each compound generated significant
signal only within the SRM transition developed for that compound, with little or no signal
from the SRM transitions for the other compounds. For example, injection of GS-9411/
P-680 resulted in signal within the SRM transition developed for that compound (m/z
464→294) but not SRM transitions for drug metabolites (465→171 and 378→208) or
internal standard (449→234) (Figure 1B). Analysis of standard solutions revealed that
detection of drug and metabolites was generally linear to concentration over several orders
of magnitude (Figure 1C). Extrapolating from standard curves, limits of detection were
estimated at ~0.5 nM for GS-9411/P-680 and Metabolite #1 and ~0.05 nM for Metabolite
#2.

3.2 EBC analysis of drug, drug metabolites, and other airway constituents
To examine the potential of this methodology to assess airway drug concentrations in vivo,
EBC and serum samples were collected at various time intervals before and after inhalation
of GS-9411/P-680 (4 ml of a 3 mM solution) in a study of four sheep. EBC was collected
predose, immediately after dose, and 1, 2, 4, and 6 hours post dose. Serum was also
collected predose and 1 and 6 hours post dose. All samples were analyzed via the LC-MS/
MS method described above which was modified to include detection of the natively
occurring metabolites urea, tyrosine, phenylalanine, and adenosine [11, 17].

Because the fraction of airway secretions in EBC can vary significantly, even within the
same subject, [9] a measured dilution factor is necessary to extrapolate airway
concentrations from values measured in EBC. We chose to use dilution factors based on
EBC:serum urea ratios, an established methodology [13] that we have used successfully in
previous studies [10]. Airway concentrations of the drug, its metabolites, and other
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compounds were determined by applying these dilution factors to the concentrations
measured in EBC.

Of the drug compounds monitored, Metabolite #2 was the most readily detected in EBC and
could be assessed in all 20 EBC samples obtained post inhalation (5 time points each from 4
sheep). GS-9411/P-680 and Metabolite #1 were below detection limits in 7 of 20 and 9 of 20
post inhalation samples respectively. Urea, tyrosine, phenylalanine, and adenosine were
detected in all samples. EBC samples from one animal had low (<1.5 nM) concentrations of
all drug compounds in all post-dose samples, although EBC urea and other metabolite
concentrations were similar to those measured in the other samples. Of note, measured EBC
urea concentrations were highly variable (range 4.3 to 600 μM), suggesting significant
sample-to-sample variation in the dilution of airway secretions within EBC, similar to that
observed in previous human studies [9, 10, 13, 18].

Airway concentrations of GS-9411/P-680, Metabolite #1, and Metabolite #2 calculated
using EBC:serum urea based dilution factors were highest 1 hour after inhalation and were
still detectable 6 hours post inhalation (Figure 2A, C, E). In contrast, in the serum no
significant signal for GS-9411/P-680 or Metabolite #2 was observed in any sample. Peak
concentrations of Metabolite #1 were detected 1 hour post inhalation, and were ~60-fold
lower than those in the airway (Figure 2, B, D, F, note different scales). Airway
concentrations of other compounds known to be present in airway secretions did not vary
significantly over the course of this study (Figure 3). To assess relationships between airway
and serum drug concentrations, we calculated total drug concentration (GS-9411/P-680 plus
both metabolites) at the peak one hour time point in both airway and serum samples for each
animal. We observed that animals with lower serum drug concentrations also had lower
airway drug concentrations, with a trend towards linear relationship between serum and
airway drug concentrations (r=0.85, p=0.15, Figure 4).

3.3 EBC analysis of electrolytes
Because GS-9411/P-680 is an epithelial sodium channel blocker that may alter the
electrolytes in airway surface liquid [16], we analyzed electrolyte composition of EBC and
serum. EBC and serum concentrations of sodium (Na+) and potassium (K+) were
successfully measured in all samples, and airway electrolyte concentrations calculated using
EBC:serum urea based dilution factors. Consistent with previous observations [19, 20],
airway concentrations of Na+ were lower and K+ higher than those measured in serum
(Figure 5A–D).

Within the airway, concentrations of Na+ and K+, were not significantly different at any
time point. There was an interesting decline in airway sodium immediately post dose, but
this change was not statistically significant (p=0.37) and was not maintained over time. In
serum we observed a decreased serum K+ over time (Figure 5D) with a trend towards
increasing serum Na+ (Figure 5B).

4. Discussion
This study demonstrates the feasibility of using EBC analysis to assess the concentrations
and pharmacodynamic effects of drugs targeted towards airway surfaces. Using mass
spectrometric analysis of EBC, we were able to determine the concentrations of the
investigational epithelial sodium channel blocker GS-9411/P-680 and its major metabolites
on airway surfaces and how these concentrations changed over time. Airway surface
concentrations of parent drug and both measured metabolites peaked approximately one
hour after nebulization, but were still detectable at six hours. This pattern appeared specific
for the delivered drug, since concentrations of native metabolites including adenosine,
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phenylalanine, and tyrosine remained relatively constant over this time frame. Interestingly,
we did observe a relationship between serum and airway peak drug concentrations.
Although not statistically significant, this finding suggests a correlation between airway
concentrations and the fraction of drug delivered.

Both the concentrations and the pattern of drug relative to metabolites differed significantly
between airway and serum samples. Airway drug concentrations were much higher than
those detected in serum, which is consistent with the nebulized route of drug delivery. More
interestingly, while the parent drug and both major drug metabolites were detected in airway
samples, only one of the one drug metabolites was detected in serum. This result
demonstrates that the pattern of drug metabolites in serum may not accurately reflect drug
metabolism on airways surfaces. Pharmacokinetic analysis of airway drugs requires direct
assessment of drug concentrations on airway surfaces, and EBC analysis provides the ability
to measure such concentrations longitudinally without disturbing the airway.

Although we predicted that administration of the epithelial sodium channel blocker
GS-9411/P-680 would alter airway electrolyte concentrations, we did not observe any
significant effects. Interestingly, we did observe changes in serum electrolytes, with reduced
potassium developing over time. This contrasts with the potassium sparing effects of
systemic epithelial sodium channel blockers such as amiloride, which tend to cause
hyperkalemia due primarily to a block in renal potassium secretion [21]. This discrepancy
may reflect the route of delivery, with high concentrations present in the airway yet minimal
systemic concentrations that could affect renal handling of electrolytes. This finding raises
the possibility that the impact of drugs delivered directly to airway surfaces may differ
significantly from those same agents delivered systemically. However, we interpret the
findings cautiously since the observed changes in serum K could also reflect withholding of
a high K diet during the course of the study.

This study was designed as a pilot study to demonstrate whether quantification of drug in
EBC was feasible. The interpretation of results was somewhat limited by the small sample
size the high degree of variability in airway concentrations. It is likely that some of this
variability reflects the technical challenges of accurately measuring small molecules and
electrolytes at the low concentrations found in EBC. However, we have also observed
significant variability of airway biomarkers in other studies [10, 18], suggesting more
inherent physiological variability on airway surfaces.

Although this was an animal study, the principal of assessing airway drug delivery and
metabolism through analysis of EBC should be readily translated to humans. EBC collection
is simple and non-invasive in human subjects, and we have routinely collected EBC
volumes similar to those analyzed in this study from adults and children [10, 18][22].
Furthermore, the mass spectrometric procedure used in this study was based on the method
originally developed to analyze EBC from human subjects [11] and used successfully in
many studies [10, 18, 22]. These findings all suggest that application of this methodology to
human trials should be straightforward.

5. Conclusions
In summary, this pilot study demonstrates that EBC analysis is a potentially valuable tool in
assessing the pharmacokinetics of drugs on airway surfaces. The versatility of mass
spectrometry suggests that this approach may be applicable to a large number of airway
surface drugs, and the ease with which EBC can be collected would allow this methodology
to be easily incorporated into drug development studies.
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Figure 1.
Mass spectrometric detection of drug compounds. A. Mass spectrometric chromatogram
demonstrating detection of GS-9411/P-680, its primary metabolites Metabolite #1 and
Metabolite #2, and an inactive compound as an internal standard. SRM transitions for
detection were m/z 464→294, 465→171, 378→208, and 449→234 respectively. Each
compound was injected at 100 nM concentration. B. Detection specificity was assessed by
measuring signal generated by the SRM transitions developed for GS-9411/P-680 (black
bars), Metabolite (Metab) #1 (white bars), Metabolite #2 (grey bars) and Internal Standard
(hatched bars) after injection of 100 nM of each compound individually. Each compound
generated significant signal only within the SRM transition developed for that compound,
with no meaningful signal from the SRM transitions developed for the other compounds. C.
Peak areas of GS-9411/P680 (circles), Metabolite #1 (triangles), and Metabolite #2 (squares)
were linear to concentration over several orders of magnitude.
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Figure 2.
Airway and serum drug concentrations. Concentrations of GS-9411/P-680 (A,B), Metabolite
#1 (C,D), and Metabolite #2 (E,F) in the airway (A,C,E) and serum (B,D,F) were assessed
after nebulization of 4 ml of 3 mM GS-9411/P-680 at time 0. In the airway, drug
concentrations peaked 1 hour after nebulization but were still detectable at 6 hours. Both
parent compound (GS-9411/P-680) and the two principal metabolites (Metabolite #1,
Metabolite #2) were detected. In the serum, only the Metabolite #1 was detected at an
average concentration ~60-fold lower than average airway concentration (note different
scales).
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Figure 3.
Airway concentrations of endogenous compounds. Airway concentrations of phenylalanine
(Phe, A), tyrosine (Tyr, B), and adenosine (C) were assessed at various time points before
and after inhalation of GS-9411/P-680. No significant changes in concentrations of any
compound were observed over the time frame of this study.
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Figure 4.
Relationship between serum and airway drug concentrations. Total drug concentrations
(GS-9411/P-680 + Metabolite #1 + Metabolite #2) were assessed at the one hour time point
in both serum and airway secretions for each animal. A trend towards correlation was
observed between serum and airway drug concentrations (r=0.85, p=0.15).
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Figure 5.
Airway and serum electrolyte concentrations. Concentrations of sodium (Na) (A,B),
potassium (K) (C,D) were assessed in the airway (A,C) and serum (B,D) after nebulization
of GS-9411/P-680 at time 0. Relative to serum, airway concentrations of Na were modestly
lower and K significantly higher (note different scales). In the airway, there were no
significant changes in any electrolyte measure, although there was a modest trend towards
decreasing airway potassium over time (r=0.31, p=0.14). In serum, K decreased (r=0.64,
p<0.05) over time, with a trend towards increasing serum Na (r=0.50, p=0.10).
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Table 1

Mass spectrometric conditions for detection of drug compounds

Compound Molecular ion (m/z) Product ion (m/z) Collision energy (v)

GS-9411/P-680 464.4 294.4 26

Metabolite #1 465.3 171.1 31

Metabolite #2 378.0 208.2 26

Internal Standard 449.1 234.1 36
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