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ABSTRACT
Objective: Airway epithelial barrier dysfunction is emerging as an important feature of
asthma pathogenesis, but this is difficult to measure in individual subjects. We aimed to
develop a noninvasive way to measure airway permeability in asthma. Methods: Healthy
controls and subjects with mild asthma inhaled dry powder mannitol in a dose-escalating
manner on two separate occasions, stopping at 155mg or 315mg. Serum mannitol levels
were measured at baseline and then 30, 90, and 150min after mannitol inhalation. Mannitol
absorption was compared with measurements of airflow obstruction (FEV1) and airway
inflammation (FeNO). Results: Serum mannitol levels increased in a time- and dose-depend-
ent manner in both healthy control and subjects with asthma. There were no significant dif-
ferences in mannitol absorption when comparing healthy controls and subjects with
asthma. Mannitol absorption did not correlate with markers of airway obstruction or inflam-
mation. Conclusions: Measuring serum concentrations of mannitol after inhalation challenge
can potentially provide insights into airway barrier function in asthma.

Abbreviations: FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity; CCSP:
club cell secretory protein (CCSP); FDA: Food and Drug Administration; HPLC: high-perform-
ance liquid chromatography; COPD: chronic obstructive pulmonary disease; ICS: inhaled cor-
ticosteroids; LABA: long-acting beta agonist; LTRA: leukotriene receptor antagonist; AUC:
area under the curve; FeNO: Fractional exhaled nitric oxide
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Introduction

Airway epithelial cells form a barrier to the outside
world, and are a key part of the mucosal immune sys-
tem in the lung [1]. Epithelial cells can be divided
into secretory and ciliated subsets. Secretory cells pro-
duce airway mucins and other protective substances,
whereas ciliated cells propel airway mucus upwards
and out of the lung [2]. Secretory and ciliated epithe-
lial cells are joined together by cell surface junction
proteins through homotypic and heterotypic interac-
tions [3]. Junction proteins can be broadly categorized
into the apical tight junctions (including members of
the claudin and MARVEL family), and subapical
adherens junctions (including cadherin family-mem-
bers). There is growing evidence that dysfunction of
junction proteins contributes to airway diseases

including asthma, cystic fibrosis, and COPD [4,5]. For
example, airway cells and biopsies from patients with
these diseases show reduced expression and function
of junction proteins, which in the case of asthma is
associated with more severe disease [6–8]. The mecha-
nisms for junction protein dysfunction in disease
states are not entirely clear, and both genetic predis-
position as well environmental exposures have been
implicated in this process [4].

Although obtaining lower airway cells and biopsies
has proven useful for the analysis of junction protein
expression and function in patients with airway dis-
eases, this requires bronchoscopy and is not a prac-
tical approach for large scale studies. Non-invasive
ways to measure epithelial barrier integrity would
therefore be useful. One noninvasive way to analyze
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epithelial function is by measuring the concentration
of molecules such as club cell secretory protein
(CCSP) in systemic circulation [9]. CCSP is normally
contained in the thin layer of fluids that coats the epi-
thelial cell surface. In the presence of intact tight junc-
tions and normal epithelial barrier function, little
CCSP is thought to escape from the airway lumen
into the circulation, whereas elevated serum CCSP
concentrations are thought to indicate reduced airway
epithelial barrier integrity. Supporting this possibility,
elevated serum CCSP has been detected after respira-
tory virus infection or in association with air pollution
exposure [10–13]. However, this approach assumes
that airway epithelial CCSP production is constant
over time and not affected by disease state or environ-
mental exposures. In fact, epithelial CCSP production
is reduced in asthma [14], which may help explain the
observation that serum CCSP levels tend to be lower
in asthmatics compared to controls [15,16].

We reasoned that a direct method to measure air-
way epithelial barrier function would be useful, and
envisioned a test in which subjects inhale an inert com-
pound followed by measurements of its absorption into
the blood stream. We were inspired by studies of intes-
tinal permeability, which measure the absorption of
swallowed lactulose and mannitol [17,18]. To be a use-
ful test agent, the inhaled compound would need to: (i)
be safe and well tolerated, (ii) translocate across epithe-
lial barriers via paracellular routes, and (iii) not
undergo extensive metabolism once absorbed into the
bloodstream. Mannitol fulfills each of these criteria.
First, mannitol is a widely used food additive generally
recognized as safe by the US Food and Drug
Administration (FDA). Intravenous mannitol is used
therapeutically to induce a hyperosmolar state and
reduce cerebral edema, whereas inhaled mannitol is an
alternative to methacholine for bronchoprovocation
studies [19,20]. Second, mannitol is commonly used to
assay epithelial monolayer integrity in vitro, since it dif-
fuses paracellularly between cells when intercellular
junctions are disrupted. Third, mannitol undergoes
very little metabolism and is excreted almost entirely
unchanged by the kidneys. Here we report preliminary
studies comparing the absorption of inhaled mannitol
in healthy subjects and mild asthmatics.

Methods

Control and asthmatic subjects

Healthy controls and mild asthmatics were recruited
for study (subject demographics are indicated in Table 1).
Healthy control subjects had no prior history of asthma

or allergies and were on no medications. Asthmatic
subjects had a doctor diagnosis of asthma, and had to
demonstrate evidence of bronchodilator reversibility
within the previous year (FEV1 or FVC increase by
�12% or 200mL after 400mcg albuterol). Asthmatic
subjects with severe disease (ongoing symptoms despite
high-dose inhaled or oral glucocorticoids) or recent
exacerbation within 6months were excluded. Other
exclusion criteria included: 5 pack year history of
tobacco use or active smoking, other chronic or active
lung diseases (e.g. COPD, pulmonary fibrosis, lung can-
cer), history of significant renal insufficiency of liver
disease, asthma subjects with a baseline FEV1< 65%
predicted, asthma subjects unwilling or unable to with-
hold medications prior to testing, and pregnant women.

Modified mannitol challenge protocol

We used prepackaged kits with capsules containing
escalating doses of mannitol for inhalation (Aridol
challenge kits, Pharmaxis). The capsules contain
spray-dried mannitol powder consisting of particles
that are 5 mm in diameter, and generate uniformly dis-
tributed particles under a range of inspiratory flow
rates. We followed the FDA approved bronchoprovo-
cation protocol with three modifications. First, based
on pilot studies, we stopped Aridol challenges at the
4th and 5th test doses respectively (corresponding to a
total of 155 and 315mg of inhaled mannitol). The
rationale for choosing two pre-determined stopping
doses was to identify the lowest possible dose generat-
ing detectable serum levels. The goal of our study was
not to induce bronchospasm, but this was monitored

Table 1 Subject demographics.
Healthy Asthma p value

Number of subjects 10 11
Age (yrs) 37 ± 11 35 ± 11
Sex (F:M) 3:7 8:3
BMI 27 ± 4 31 ± 7 0.126
Controller medications None ICS (2), ICS/LABA

(5), LTRA (3)
Serum CCSP (ng mL�1) 9.5 ± 3.9 10.6 ± 3.3 0.509
Visit 1
FeNO (ppb) 14 ± 7 20 ± 14 0.279
Baseline FEV1 (L) 3.69 ± 0.86 2.99 ± 0.78 0.015
Baseline FEV1:FVC 0.80 ± 0.05 0.75 ± 0.07 0.032
Nadir FEV1 (L) 3.56 ± 0.85 2.79 ± 0.74 0.007
Average change FEV1 (L) 0.12 ± 0.09 0.20 ± 0.13 0.179
PD15 (# subjects) 0 2
PD15 (mg mannitol) n/a 32, 33
Visit 2
FeNO (ppb) 13 ± 5 18 ± 10 0.231
Baseline FEV1 (L) 3.61 ± 0.78 3.06 ± 0.86 0.062
Baseline FEV1:FVC 0.79 ± 0.04 0.70 ± 0.24 0.234
Nadir FEV1 (L) 3.51 ± 0.76 2.72 ± 0.77 0.010
Average change FEV1 (L) 0.10 ± 0.13 0.33 ± 0.15 0.003
PD15 (# subjects) 0 3
PD15 (mg mannitol) n/a 268, 295, 296
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carefully as during any bronchoprovocation test, and
challenges were stopped if the FEV1 decreased by
�15% between doses. Second, subjects were provided
water and instructed to rinse and spit after each dose,
and were also encouraged to expectorate (and not
swallow) all sputum during and after testing. These
measures helped ensure that serum mannitol levels
reflected absorption from the respiratory tract, and
not mannitol that was swallowed. Third, subjects were
instructed to fast for 6 h prior to testing, and to avoid
mannitol-rich foods for 24 h after testing, to minimize
confounding effects of mannitol from dietary sources.
We call this procedure The Leaky Lung Test, which
was granted an IND-waiver from the US FDA, and
approved by the University of Rochester Research
Subjects Review Board. This study was registered on
ClinicalTrials.gov (Study #NCT02306473).

Subjects were scheduled for two separate challenges,
stopping at 155mg (Visit 1) or 315mg (Visit 2) of
inhaled mannitol. Visits 1 and 2 were separated by at
least 3 weeks. On the day of testing, subjects reported
to the URMC General Clinical Research Center and
had an IV placed for serial blood draws. Baseline blood
and urine samples were obtained, followed by measure-
ments of exhaled nitric oxide (FeNO), FEV1 and FVC.
Next, subjects proceeded with mannitol challenge
protocol as above. Spirometry was performed after
each dose, and a positive test was defined as �15%
decrease in FEV1 between doses. Blood samples were
obtained at 30, 90, and 150min after the last mannitol
dose. At the completion of testing, subjects were moni-
tored for 3 h and were given water and a light snack.
Subjects were given a urine jug and asked to collect all
voided urine for 24h, and discharged to home.

Serum measurements

Serum samples were obtained on the day of testing, and
aliquots were stored at �80 �C and analyzed in batches.
Serum CCSP was measured by ELISA according to
manufacturer’s instructions (Abnova Inc.). Mannitol
was measured using ion exchange high-performance
liquid chromatography (HPLC). Briefly, cellobiose was
used as an internal standard, samples were filtered and
deionized, and then mannitol was detected using pulsed
amperometric detection on a gold electrode [21].

Statistical analysis

Means, standard deviations, and area under the curve
analyses were performed using Prism Software
(Graphpad). Differences between groups were

determined using ANOVA with Tukey’s multiple
comparisons test, or Mann Whitney non-parametric
test (Figure 4). Correlation analyses were performed
assuming non-Gaussian distribution of data, and the
Spearman r correlation coefficient and two-tailed p
values are reported. Data were analyzed with and
without log transformation, without exclusion of out-
liers. A p< .05 was considered statistically significant.

Results

Ten healthy controls and eleven adult asthmatic sub-
jects were recruited for study (see Table 1). Healthy
controls had no prior history of asthma and were not
taking any medications on a regular basis. All of the
asthmatic subjects used an as needed short acting beta-
agonist, and had not experienced an asthma exacerba-
tion in the 6-month period prior to testing. Ten of the
asthmatic subjects were using regular controller medi-
cations including inhaled corticosteroids (ICS, n¼ 2),
ICS plus long-acting beta agonist (ICS/LABA, n¼ 5),
or a leukotriene receptor antagonist (LTRA, n¼ 3).
Subjects were instructed to withhold these medications
prior to testing according to established guidelines
(12 h for ICS, 24h for ICS/LABA, and 4 days for
LTRA). When comparing baseline FeNO and FEV1 at
both visits, asthmatic subjects tended to have higher
FeNO (19± 12 vs. 14± 6 ppb, mean± SD, p¼ 0.1), and
had significantly lower FEV1 (3.02± 0.80 vs. 3.82± 0.63
liters, p¼ 0.0001), than healthy controls. Baseline values
for FeNO, FEV1, and FEV1:FVC ratios at each study
visit are shown in Table 1.

The range of time between Visits 1 and 2 averaged
48 days (range 26–96 days) for healthy subjects, and
30 days (range 20–43 days) for asthmatics. There were
no significant differences in FeNO or baseline FEV1
in either healthy or asthmatic subjects between Visits
1 and 2. In healthy controls, the average change in
FeNO was �1 ppb (range �10 to 5 ppb), and the aver-
age change in FEV1 was �0.07 L (range �0.23 to
0.16 L), between visits. In asthmatic subjects, the aver-
age change in FeNO was 1 ppb (range �7 to 12 ppb),
and the average change in FEV1 was 0.04 L (range
�0.20 to 0.52 L), between visits.

Subjects were challenged with 155mg mannitol on
Visit 1. Two healthy subjects experienced mild chest
tightness or cough during the challenge, but no
healthy subject demonstrated a significant decline in
FEV1. In healthy controls, the average decline in
FEV1 was 120 ± 90mL at the end of the challenge.
Three asthmatic subjects experienced wheezing or
cough during Visit 1, and two subjects had a> 15%
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decline in FEV1 at the target dose of mannitol
(155mg). These subjects were not scheduled for Visit
2. In asthmatic subjects, the average decline in FEV1
at the end of Visit 1 was 200 ± 130mL.

Ten healthy subjects and nine asthmatics were
challenged with 315mg mannitol on Visit 2. One

healthy subject experience mild chest tightness, but no
healthy subject demonstrated a significant decline in
FEV1. In healthy controls, the average maximal
decline in FEV1 was 100 ± 130mL. Three asthmatic
subjects experienced wheezing, chest tightness or
cough during Visit 2, and also had a> 15% decline in
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Figure 1. Individual serum mannitol levels in healthy controls (top row) or subjects with asthma (bottom row), after inhalation of
either 155mg mannitol (left graphs) or 315mg mannitol (right graphs). Individual colors represent individual subjects matched for
disease status. Arrows indicate asthmatic subjects that demonstrated bronchial reactivity to mannitol.
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Figure 2. Average serum mannitol concentrations in healthy (H) or asthmatic (A) subjects at baseline (BL) or different time points
after mannitol challenge. The colored dots correspond to subjects demonstrating bronchial reactivity in Figure 1.
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FEV1 at the target dose of mannitol (315mg). In asth-
matic subjects, the maximal decline in FEV1 at Visit 2
was 300 ± 150mL. All of the reactions to mannitol
were mild, with prompt resolution of symptoms and
normalization of lung function within 30min of
receiving a short acting bronchodilator.

Serum samples were analyzed for mannitol using
HPLC (see Methods). Samples were not available
from all time points for each subject due to technical
issues. Figures 1 and 2 shows changes over time of
serum mannitol at Visit 1 (left graphs) and Visit 2
(right graphs). In Figure 1 individual colors represent
individual subjects matched for disease state (Healthy
vs. Asthma). Baseline serum mannitol values were
below the detection limit of the assay in most subjects.
Three subjects had detectable serum mannitol levels
prior to challenge on both Visit 1 and Visit 2 (one
healthy, two asthmatics), presumably reflecting manni-
tol absorption from dietary sources. Serum mannitol
levels increased at 30, 90, and 150min after challenge
in both healthy and asthmatic subjects. Peak mannitol
concentrations were observed by 1.5 h in most

subjects, and were lower at Visit 1 compared to Visit
2. There was greater variability in mannitol absorption
in asthmatics compared to healthy subjects at both
visits. At Visit 1, the lowest serum mannitol levels in
asthmatics were in the two subjects who developed
bronchoconstriction at the 155mg dose (Figure 1,
lower left graph, arrows). In contrast, the three sub-
jects who developed bronchoconstriction at the
315mg dose had high or average mannitol serum lev-
els (Figure 2, lower right graph, arrows).

There were no significant differences when com-
paring average mannitol values between healthy con-
trols and asthmatic subjects at any time point of
either visit (Figure 2). Average serum mannitol values
at Visit 2 were slightly higher in asthmatics compared
to healthy controls at 90min (2.8 vs. 2.4 mg mL�1)
and 150min (2.7 vs. 2.2 mg mL�1), but there was wide
variability and these differences were not statistically
significant. We next calculated the area under the
curve (AUC) of serum mannitol values for subjects
who had available data for all four time points. Figure 3
shows that the mannitol AUC was significantly higher
at Visit 2 compared to Visit 1 for both healthy (H) and
asthmatic (A) subjects, but there were no significant dif-
ferences when comparing healthy versus asthmatics at
either visit. Excluding subjects with detectable mannitol
levels at baseline did not significantly influence results
(not shown). Figure 4 shows that mannitol AUC
increased on average 1.7-fold in healthy controls
between Visit 1 and 2 (from 2.3± 0.9 to 4.8 ± 1.4,
mean± SD), and 2.4-fold in asthmatic subjects (from
2.4± 1.3 to 5.8 ± 1.8).

We explored correlations between peak mannitol
levels and mannitol AUC with lung function (baseline
FEV1, baseline FEV1/FVC, change in FEV1 after chal-
lenge), FeNO, serum CCSP levels, and body mass
index. Correlation analyses were performed for

H155 H315 A155 A315
0

2

4

6

8

10

M
an

ni
to

l A
U

C

** ***

Figure 3. Mannitol area under the curve (AUC) in healthy sub-
jects (H) or asthmatics (A) challenged with either 155 or 315mg
mannitol. The colored dots correspond to subjects demonstrat-
ing bronchial reactivity in Figure 1. ��p< 0.01, ���p< 0.005.
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healthy controls (Supporting Information Figures 1
and 2) and asthmatic subjects (Supporting
Information Figures 3 and 4) at each dose of mannitol
administered. There were no significant associations
between mannitol absorption and serum CCSP levels
or body mass index (Supporting Information Figures
1–4). Baseline FEV1 was positively correlated with
mannitol AUC in healthy subjects challenged with the
315mg dose (Supporting Information Figure 2). In
asthmatic subjects, the change in FEV1 after challenge
was negatively correlated with mannitol AUC, with a
stronger association observed at visit 1 (Figure 5, top
row). Baseline FeNO in asthmatics was also negatively
correlated with mannitol AUC, with a stronger associ-
ation observed at visit 2 (Figure 5, bottom row).

Pre- and post-challenge urine sample were available
from 10 healthy controls and nine asthmatic subjects.
We analyzed urine mannitol concentrations, with and
without normalization for urine creatinine, and also
calculated total mannitol clearance by multiplying
mannitol concentration x total volume of collected
urine. Although urine mannitol levels increased above
baseline after both mannitol challenges, levels were

highly variable and did not increase in a predictable
manner after Visit 2 compared to Visit 1 (Supporting
Information Table S1, and data not shown).

Discussion

Epithelial barrier dysfunction is emerging as an
important feature of airway inflammation in asthma,
but this is difficult to measure in individual subjects.
Here we report our initial experience with the Leaky
Lung Test, which uses the inert sugar alcohol manni-
tol as a probe of epithelial barrier integrity after inhal-
ation challenge. Inhaled mannitol was well tolerated
in all subjects, and as expected caused minor and
reversible bronchoconstriction in a few asthmatics.
Serum levels of mannitol increased in a time- and
concentration-dependent manner after inhalation of
155mg and 315mg doses, with peak concentrations
reached after about 90min. We observed no signifi-
cant differences when comparing mannitol absorption
in healthy controls with mild asthmatics at either
dose, but mannitol absorption was more variable in
asthmatics. In future studies, it will be interesting to
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determine if the asthmatics with more severe asthma
or a history of asthma exacerbations demonstrate
higher absorption of inhaled mannitol.

There are well-established techniques to monitor
the integrity of airway epithelial monolayers grown in
vitro. Typical approaches include measuring trans-epi-
thelial electrical resistance, and paracellular flux of
inert macromolecules [22]. However, there is no con-
sensus about the best way to measure the integrity of
the airway epithelial barrier in living organisms. It is
important to distinguish between assays of “inside/
out” versus “outside/in” barrier function when consid-
ering different approaches. Inside/out in this context
refers to transudation of proteins from the circulation
and interstitium into the airway lumen, whereas out-
side/in refers to translocation of inhaled particles and
pathogens from the airway lumen into the sub-epithe-
lial space. Inside/out barrier function is commonly
investigated by measuring the concentration of macro-
molecules such as albumin in BAL fluids, which are
increased in asthmatics compared to controls [23].

Outside/in barrier function in the lung has not
been as well studied. Most research to-date has been
conducted by measuring the movement of an inhaled
test agent out of the airway or lung. Three general
approaches have been used. One approach involves
inhalation of technetium-labeled di-ethylenetriamine
pentacetic acid (Tc-DTPA) and then measuring its
clearance from the lung with a gamma counter [24].
It is difficult using this approach to distinguish
between clearance via the mucociliary escalator versus
translocation between epithelial cells, but one study
concluded that epithelial permeability was higher in
10 asthmatic subjects compared to eight healthy con-
trols [25]. Que et al. used an ozone challenge model
and found that Tc-DPTA clearance was increased
after ozone inhalation [26]. Interestingly, these
authors found little overlap between subjects who
demonstrated increased Tc-DPTA clearance times,
reduced FEV1, or methacholine sensitivity, suggesting
that airway permeability, airflow obstruction, and air-
way hyper-reactivity are regulated by distinct mecha-
nisms [26].

A second approach involves inhaling a test agent
and measuring its accumulation in serum over time.
For example, Taylor et al. instilled intra-tracheal man-
nitol and measured its accumulation in plasma in a
dog model of asthma [27]. Because peak mannitol
concentrations increased in antigen-challenged ani-
mals, the authors concluded that epithelial permeabil-
ity had increased. More recently, Chen et, al. instilled
intranasal FITC-dextran in mice and found that

plasma fluorescence intensity was significantly
enhanced after challenge with inhaled lipopolysacchar-
ide (LPS) [28]. This was associated with reduced
expression of tight and adherens junctions in airway
epithelial cells. Since the translocation of inhaled com-
pounds from airway lumen to circulation is thought
to occur passively, these techniques are direct meas-
urements of epithelial integrity. A third approach to
measuring outside/in barrier function involves inhal-
ation of fluorescent molecules or beads, and measur-
ing their active uptake by lung cell subsets using
immunofluorescence and flow cytometry [29,30]. This
approach has the advantage of identifying specific
lung cell subsets that sample luminal contents, and
whether or not they traffic migrate out of the lung.
However, because the relationship between active
uptake of a luminal antigens by airway cells and epi-
thelial barrier integrity is not known, this approach
provides an indirect estimate of barrier function.

Airway epithelial barrier dysfunction in asthma is
caused by environmental exposures, especially respira-
tory viruses. Both rhinovirus (RV) and respiratory
syncytial virus (RSV) cause tight junction dysfunction,
probably as a mechanism to promote viral replication
[31–33]. The contribution of virus-induced tight junc-
tion dysfunction to asthma symptoms or exacerba-
tions is not known, and it will be interesting in future
studies to analyze mannitol permeability before and
after viral infections in selected subjects. These studies
will need to use the lowest dose mannitol possible to
avoid inducing bronchoconstriction. Based on the
results reported here, we conclude that 155mg manni-
tol should be sufficient, but it remains formally pos-
sible that even lower doses will generate detectable
plasma mannitol levels.

Inhaled mannitol caused a significant drop in
FEV1 in two out of 10 asthmatics at visit 1 (155mg),
and three out of nine asthmatics at visit 2 (315mg).
The two subjects with bronchial reactivity at visit 1
had the lowest mannitol plasma values, whereas we
did not observe a similar pattern in the three subjects
who reacted at visit 2 (Figure 1). Reasons for these
differences are not clear, but one possibility is that
bronchoconstriction limited the deposition of manni-
tol in the subjects who reacted at visit 1. There are
several potential limitations in using the Leaky Lung
Test to measure airway epithelial barrier integrity in
asthma. First, studies of airway barrier integrity are
potentially most useful in subjects with severe or
exacerbation prone asthma, but these subjects will also
be at greater risk of mannitol-induced bronchospasm.
An ideal scenario for future studies would be to have
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subjects inhale a single, very low-dose of mannitol
that does not cause bronchoconstriction but is still
readily detectable in serum: this will require additional
optimization of methods. Second, inhaled mannitol
(or other probes) might become trapped by airway
mucus in some subjects, and might not be evenly dis-
tributed throughout the respiratory tract, depending
on patterns of regional airflow. Third, although we
encouraged all subjects to expectorate and not swallow
mucus and oral secretions after challenge, we cannot
exclude the possibility that small amounts of mannitol
were absorbed from the GI tract in some subjects.
Finally, although all asthmatic subjects withheld all
asthma medications prior to study, it remains possible
that medication use could have confounded our
results. Along these lines, it should be noted that albu-
terol (10mM) was shown to increase the permeability
of epithelial monolayers in vitro [34], but serum man-
nitol concentrations were not consistently enhanced
in subjects who received albuterol in our study (and
in fact were lower in subjects who received albuterol
at Visit 1). One interesting possibility to explore in
the future would be to prophylactically pre-medicate
subjects with a short-acting beta-agonist prior to man-
nitol challenge, which should result in more uniform
patterns of aerosol deposition in the lung and might
improve the tolerability of mannitol inhalation.

Neither peak mannitol concentrations nor the man-
nitol AUC correlated with indices of asthma severity
including baseline FEV1 or FeNO, or with serum
CCSP levels. In fact, mannitol AUC was negatively
correlated with both the change in FEV1 after chal-
lenge as well as baseline FeNO levels (Figure 5). This
suggests that airflow obstruction, airway inflammation,
and barrier integrity are regulated by distinct mecha-
nisms, although we acknowledge our small sample
size and need for future studies in larger cohorts. We
were hoping to use of urinary mannitol clearance as a
surrogate of airway barrier function, but wide variabil-
ity in urine mannitol levels interfered with these anal-
yses. We suspect that dietary indiscretion was one
cause of variability (e.g. eating mannitol rich foods),
or possibly that some mannitol was swallowed and
excreted in stool, but this will need to be followed up
in future studies.

Finally, although we were interested in studying a
cohort of mild asthmatics in our pilot study, the
approach reported here will be applicable to other
lung diseases characterized by dysfunction of the epi-
thelial barrier (e.g. interstitial lung diseases). Inhaled
mannitol should be better tolerated in these subjects,
who do not have underlying airway hyper-reactivity.

Conclusion

In summary, we conclude that measuring the absorp-
tion of inhaled mannitol has the potential to provide
new insights into airway barrier dysfunction in asthma
and other lung diseases. Future studies in additional
cohorts of more severe asthmatics may provide
insights into the magnitude and duration of epithelial
barrier dysfunction at baseline or after specific envir-
onmental exposures, but the risks of severe broncho-
spasm will need to be carefully considered in
these subjects.
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Supplementary Figure Legends

Figure S1. Correlation analyses for healthy subjects at visit 1 (155 mg mannitol).  Correlations

between mannitol area under the curve (AUC) and baseline FEV1 (L), change in FEV1 after

challenge (L), baseline FEV1/FVC, FeNO (ppb), serum CCSP (also known as SCGB1A), and

body mass index (BMI).   Spearman r vales and two-tailed p values are indicated (with p<0.05

indicated in bold text).

Figure S2. Correlation analyses for healthy subjects at visit 2 (315 mg mannitol).  Correlations

between mannitol area under the curve (AUC) and baseline FEV1 (L), change in FEV1 after

challenge (L), baseline FEV1/FVC, FeNO (ppb), serum CCSP (also known as SCGB1A), and

body mass index (BMI).   Spearman r vales and two-tailed p values are indicated (with p<0.05

indicated in bold text).

Figure S3. Correlation analyses for asthmatic subjects at visit 1 (155 mg mannitol).

Correlations between mannitol area under the curve (AUC) and baseline FEV1 (L), change in

FEV1 after challenge (L), baseline FEV1/FVC, FeNO (ppb), serum CCSP (also known as

SCGB1A), and body mass index (BMI).   Spearman r vales and two-tailed p values are indicated

(with p<0.05 indicated in bold text).

Figure S4. Correlation analyses for asthmatic subjects at visit 2 (315 mg mannitol).

Correlations between mannitol area under the curve (AUC) and baseline FEV1 (L), change in

FEV1 after challenge (L), baseline FEV1/FVC, FeNO (ppb), serum CCSP (also known as



SCGB1A), and body mass index (BMI).   Spearman r vales and two-tailed p values are indicated

(with p<0.05 indicated in bold text).



Georas, S et al.  Supplementary Table 1

Table S1. Urine mannitol values

Healthy Asthma
Visit 1
Baseline mannitol (mg/ml) 0.038±0.012 0.033±0.014
Post-challenge mannitol (mg/ml) 0.128±0.141 0.046±0.041
Post-challenge mannitol/creatinine 2.12±2.19 1.00±0.79
Mannitol clearance 187±216 84±65

Visit 2
Baseline mannitol (mg/ml) 0.025±0.005 0.033±0.012
Post-challenge mannitol (mg/ml) 0.156±0.097 0.059±0.037
Post-challenge mannitol/creatinine 2.07±1.85 1.27±0.85
Mannitol clearance 195±180 97±60
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