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Rationale: Glutathione is the major antioxidant in the extracellular
lining fluid of the lungs and depleted in patients with cystic fibrosis
(CF).
Objectives: We aimed to assess glutathione delivered by inhalation
as a potential treatment for CF lung disease.
Methods: This randomized, double-blind, placebo-controlled trial
evaluated inhaled glutathione in subjects with CF 8 years of age and
older and FEV1 of 40–90% of predicted. Subjects were randomized to
receive 646 mg glutathione in 4 ml (n ¼ 73) or placebo (n ¼ 80) via
an investigational eFlow nebulizer every 12 hours for 6 months.
Measurements and Main Results: FEV1 (absolute values), both as
pre–post differences (P ¼ 0.180) and as area under the curves (P ¼
0.205), were the primary efficacy endpoints, and were not different
between the glutathione group and the placebo group over the

6-month treatment period. Exploratory analysis showed an increase
of FEV1 frombaseline over placebo of 100ml or 2.2%predicted; this
was significant at 3 months, but not later. Subjects receiving gluta-
thione had neither fewer pulmonary exacerbations, nor better
scores for quality of life. Whereas increased glutathione andmetab-
olites in sputum demonstrated significant delivery to the lungs,
there was no indication of diminished oxidative stress to proteins
or lipids, and no evidence for anti-inflammatory or antiproteolytic
actions of glutathione supplemented to the airways. The adverse
event incidence was similar between glutathione and placebo.
Conclusions: Inhaled glutathione in the dose administered did
not demonstrate clinically relevant improvements in lung function,
pulmonary exacerbation frequency, or patient-reported outcomes.
Glutathione delivery to the airwayswas not associatedwith changes
in markers of oxidation, proteolysis, or inflammation.
Clinical trial registered with www.clinicaltrials.gov (NCT00506688)
and https://eudract.ema.europa.eu/index.html (EudraCT 2005-
003870-88).
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In cystic fibrosis (CF), the most common lethal genetic disease in
whites, progressive lung disease is the leading cause of death.
Mutations in the CF transmembrane conductance regulator
(CFTR) facilitate a chronic pulmonary infection and severe in-
flammation with large amounts of proinflammatory chemokines,
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Glutathione is a major antioxidant in the extracellular lining
fluid of the lungs and depleted in cystic fibrosis (CF).

What This Study Adds to the Field

Glutathione inhalation over 6 months did not demonstrate
clinically relevant improvements in lung function, pulmo-
nary exacerbation risk, and patient-reported outcomes. In
addition, this treatment did not alter oxidative, proteolytic,
or inflammatory balance in CF sputum.
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cytokines, and activated cells in the airways (1, 2). These
processes also generate huge excesses of oxidants in the air-
ways, rapidly overwhelming the antioxidant screens, and this
oxidative stress may contribute to lung injury (3, 4). The major
extracellular antioxidant, glutathione, normally present in very
high concentrations in the epithelial lining fluid (5–7), is be-
lieved to represent a central element in CF antioxidant defense,
and its deficiency to contribute to the progressive lung tissue
damage (8). Glutathione, which is a naturally occurring tripep-
tide, has been linked to CF not only by the repetitively observed
pronounced depletion of glutathione in the extracellular epithe-
lial lining fluid of the lung (6, 7, 9), but also from the direct
involvement of CFTR in its transport into the extracellular
space (10). In accordance, a CFTR-defective cell line secreted
significantly less glutathione into the apical fluid than cells after
CFTR repletion (11). Similar observations were made in Cftr
knockout mice (12). In severely affected patients with CF, glu-
tathione levels in bronchoalveolar lavage fluid were as low as
10% of healthy control subjects (5–7). It is notable that, in
sputum supernatants from patients with CF, the levels of gluta-
thione were increased when compared with healthy control sub-
jects and control subjects with asthma (13).

The pivotal short-term inhaled glutathione phase 1 study by
Roum and colleagues (6) demonstrated not only the feasibility
of replete alveolar glutathione levels, but also showed ex vivo and
in vitro suppressed superoxide anion release by alveolar inflam-
matory cells after glutathione therapy. These results were repro-
duced in another phase 1 study that also showed improved lung
function and dose-dependent increase in alveolar glutathione lev-
els, but no antioxidant effects (7). Improved lung function after
inhalation of glutathione was reported in several case reports and
in a pilot study of inhaled glutathione (14, 15). Therefore, this
investigator-initiated, randomized, multicenter trial was conduct-
ed to assess the hypothesis that inhaled glutathione will improve
FEV1 in adult and pediatric patients with CF.

METHODS

This was a phase 2b, randomized, double-blind, placebo-controlled, na-
tional, multicenter study of glutathione administered by inhalation (Clin-
icalTrials.gov identifier: NCT00506688; EudraCT no.: 2005-003870-88).
The protocol was reviewed and approved by the institutional ethics com-
mittee at each participating center, and all subjects or their parents
provided written informed consent. Inclusion criteria were: patients with
CF 8 years of age or older (CF defined by positive [>60 mM Cl2] sweat
chloride test and/or two disease-causing mutations), and an FEV1 of 40–
90% of predicted for age, sex, and height. Patients on concomitant in-
haled thiol-containing medications (e.g., inhaled N-acetylcysteine) were
excluded. Oral N-acetylcysteine was allowed to be continued. Subjects
were randomized at a 1:1 ratio by central telephone block randomization
within each age group to receive study medication or placebo by inha-
lation from an investigational eFlow nebulizer system (PARI Pharma
GmbH, Graefelfing, Germany) after and in addition to the routine morn-
ing and evening chest physiotherapy and routine inhalations (“add on”;
i.e., twice daily for 6 mo). For each inhalation, a solution was prepared by
dissolving the 646 mg glutathione-Na powder (TAD 600; Biomedica
Foscama, Ferentino, Italy) from the provided vial in 4 ml of water for
injection and, in the case of placebo, by the addition of 4 ml of 0.9%
NaCl for injection to an empty vial that was appropriately covered
(Haupt Pharma, Wolfratshausen, Germany). To ensure a reliable blind-
ing of the study medication, both the test product and the placebo were
provided in appropriately covered and identical glass containers to ob-
scure the contents. In addition, identical-looking ampoules for reconsti-
tution of verum and placebo were provided. Smell or tastes were not
masked due to unresolved toxicology issues of trace agents in long-term
usage added to inhalation solutions. The primary efficacy endpoints were
the pre–post difference between end of trial and baseline value of FEV1

absolute values, and the time-weighted area under the curve of FEV1

absolute values over the course of the treatment period. Secondary

endpoints included change from baseline in percent predicted FEV1

through Week 24, time to first pulmonary exacerbation (16), and
patient-reported outcomes, as assessed by the CF Questionnaire for
quality of life (17). Changes in laboratory markers were assessed, includ-
ing free and total glutathione in serum and sputum, inflammatory cells,
cytokines, and sputum weight. The study also evaluated safety. The study
design consisted of a 2-week run-in period for determining baseline
FEV1, defined as the mean of measurements at the beginning and end,
and parallel treatment groups with assessments after 1, 3, and 6 months.

Biochemicalmeasurementsweremade in serumand sputum, obtained
as described previously (18), in subgroup of subjects from the centers in
Munich, Hannover, Cologne, Berlin, Frankfurt, and Bochum, and as
detailed in the online supplement.

A total sample size of at least 138 subjects was calculated as adequate to
detect an absolute difference in FEV1 of 45 ml (SD ¼ 90 ml) and, as
hierarchical coprimary, an absolute FEV1 increase of 5% predicted (area
under the curve from baseline to the end of the trial between the two
groups) based on the results of similar studies recently published (19, 20)
at a power of 80% (nQuery Advisor Release 6.0, Statistical Solutions Ltd,
Cork, Ireland). All subjects who received at least one dose of study drug
were included in the analyses.

For the analysis of the primary endpoints, the GLM procedure,
amethod of least squares to fit general linearmodels, was used for analysis
of covariance. For exploratory analysis of all other clinical and laboratory
endpoints, the absolute changes from baseline were analyzed by Mann-
Whitney nonparametric tests. Results are given in tables as means and SD
and in figures as means and SE. Additional methodological details are
provided in the online supplement. Prism version 4.00 (GraphPad Soft-
ware, San Diego, CA) was used for graphics. Analyses were performed
using SPSS version 12.0 for Windows (SPSS Inc., Chicago, IL).

RESULTS

Subjects

The study was conducted between May 2007 and May 2010. Sub-
ject disposition is shown in Figure 1. The study population con-
sisted of 153 subjects who were enrolled, randomized, and
received at least one dose of inhaled glutathione (n ¼ 73) or
placebo (n ¼ 80). The study population had a mean age of
23 years, mean FEV1 % predicted of 65%, and 48% were female
(Table 1). A total of 64% of the subjects carried at least one
delta-F508 mutation, and 53% had at least one positive airway
culture for Pseudomonas aeruginosa in the previous year. The
chronic medications used before and during the study were sim-
ilar for both groups; of note, glutathione-treated subjects received
somewhat more anti-inflammatory treatments (see Table E1 in
the online supplement).

Primary Clinical Efficacy Endpoints

Over the 6-month treatment period, the primary efficacy endpoints—
changes of absolute FEV1—neither the pre–post differences nor
the area under the curves were different between the glutathi-
one group and the placebo group (Table 2). They were mea-
sured for all 153 patients enrolled and analyzed in this sample
(intention to treat).

Secondary Clinical Efficacy Endpoints

All secondary analyses were exploratory, and the exact P values
below 0.1 are given just as orientation for the magnitude of
differences at certain time points.
Lung function. Absolute change of FEV1 in glutathione-

treated subjects was, on average, slightly higher than in the pla-
cebo group, and did reach statistical significance at 3 months
(Figure 2A), but not when expressed as % predicted (Figure
2C). For the absolute change of FVC and of forced expiratory
flow, midexpiratory phase (FEF25–75), expressed as % predicted,
significant differences were also found at 3 months (Figure E1).
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Generally, the observed changes were higher in children than in
adults (Figure E1).
Pulmonary exacerbations. The time to first pulmonary exacer-

bation and also the number of pulmonary exacerbations did not
differ significantly between the two groups (Table E2). A Kaplan-
Meyer plot revealed no difference during the observation period
(Figure 2B), although nonsignificant changes had a consistent
direction in this and the other parameters assessed. Overall, the rate
of exacerbations was (nonsignificantly) reduced by 18% (i.e., from
32 exacerbations in the placebo-treated subjects to 26 exacerbations
in the verum-treated subjects).
Weight. Of interest, weight gain was significantly higher in

patients treated with glutathione than with placebo during the first
3 months (P, 0.05); however, at 6 months, this effect was absent
(Table E2).
Quality of life. Subjects treated with inhaled glutathione did

not report more improvement in respiratory symptoms com-
pared with placebo using the CFQ-RRespiratory domain (Table
E2). Similarly, for the total CFQ-R scores, there was no differ-
ence between the two treatment groups.

Safety and Adverse Event Profile

The incidence of adverse and serious adverse events was similar
between the two groups (Table 3). There were two serious ad-
verse events judged as non–CF related; one was a facial palsy in
the glutathione group, which resolved, and the other a chronic
IgA nephritis in the placebo group, which did not resolve. The
number of treatment-emerging adverse events occurring in 10%
or more of subjects was expected from other CF studies (Table
E3). The magnitude was similar between the two groups, with
somewhat higher frequencies of pyrexia, abnormal sputum, and
upper respiratory tract infection in the glutathione group. None
of these was considered serious or led to discontinuation. Inter-
estingly, the number of patients who requested early study

termination was higher in the placebo group than in patients
assigned to glutathione (Figure 1).

Exploratory Cellular and Biochemical Marker

Sputum. GLUTATHIONE AND ITS METABOLITES. At baseline, all
variables assessed, except free glutamyl-cysteine, were not dif-
ferent between the two groups. At all time points after the
start of treatment, the pre–post differences of free and total
glutathione in sputum (Figure 2D) were significantly higher in
patients treated with glutathione (Table E5). In accordance
with this, intracellular neutrophil glutathione pre–post differen-
ces were higher in the glutathione group at the visits after 3 and
6 months.

Some of the metabolites linked to glutathione (i.e., glutamyl-
cysteine and homocysteine after 1 or 3 months; Table E5) were
lower in the glutathione treatment group than in the placebo
group, whereas cysteinyl-glycine was much higher. Cysteine
was not different between treatment groups (Table E5).

PROTEIN CARBONYLS. The change in the amount of proteins
that were carbonylated as a sign of oxidative stress was not sig-
nificantly different in the two groups (Table E5).

SPUTUM WEIGHT, TOTAL CELL COUNT, CELL VIABILITY, AND NEU-

TROPHIL ELASTASE. Sputum weight was assessed as a measure of
sputum removal from the lungs. Compared with placebo,
glutathione-induced changes did not differ (Table E5). In addi-
tion, the pre–post differences of total numbers of cells in sputum,
cell number per gram of sputum, and cell differential counts did
not vary between placebo and glutathione. Of interest, cell via-
bility was higher in the presence of glutathione; this effect is
compatible with a protection of viability by extracellular gluta-
thione. In accordance with the unchanged absolute neutrophil
counts (data not shown) and percentage of neutrophils in cell
differentials, neutrophil elastase pre–post differences did not dif-
fer between the placebo and the glutathione group (Table E5).

Figure 1. Subject disposition.
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LIPID MEDIATORS. Several lipid mediators were assessed, be-
cause we had previously observed changes in alveolar lipid me-
diator concentration in a study assessing inhaled glutathione by
bronchoalveolar lavage. However, the observed pre–post differ-
ences were not different between the two groups (Table E5).

INFLAMMATORY AND NEUTROPHIL ACTIVATION MARKERS IN SPU-

TUM. Lastly, as a measure of inflammatory activity, several che-
mokines and cytokines and other cellular markers of neutrophil
activation were assessed, but we did not observe pre–post differ-
ences between placebo and glutathione (Table E5).
Blood. Thiols (including free glutathione and glutathione in

blood neutrophils), cytokine receptor expression, and activation
markers on neutrophils were not different at baseline (Table
E6). In addition, the differences in the levels before and after treat-
ment between the placebo and glutathione study groups (Table E7)
did not differ.

DISCUSSION

In this randomized, placebo-controlled trial in subjects with CF,
administration of inhaled glutathione at pharmacological doses
did not achieve significant or clinically relevant improvements in

primary endpoints (i.e., lung function assessed by FEV1 absolute
changes before/after and during the trial). Despite this negative
outcome, the results of this study give a comprehensive view of
the effect of inhaled glutathione as an “add on” therapy in in-
tensely treated patients with CF. Conclusions can be drawn on the
tolerability, side effects, magnitude, and direction of changes in
secondary clinical outcomes induced by glutathione, and the pre-
viously anticipated role of glutathione for the oxidative and in-
flammatory balance in the airways.

Overall, the changes in lung function were small, and failed
to reach the preset primary endpoint. The absolute change
(mean 6 SD) of FEV1 from baseline over placebo was 100 6
140 ml, or 2.2 6 0.1%, expressed as % predicted. This obser-
vation was consistent with changes in other lung function vari-
ables (i.e., a significant increase of FVC and FEF25–75 %
predicted at 3 mo). Such trends were clearly observed in both
adults and children. In our previous phase 1 study with a smaller
number of subjects, lung function improved by about 5% (7).
FEV1 has been established as the pivotal clinical study endpoint
for the assessment of novel therapies in CF. When comparing
our trial to those others, one has to consider that baseline treat-
ments of patients in previous studies over the past 20 years were

TABLE 1. BASELINE DATA OF THE STUDY COHORT (INTENTION TO TREAT)

Glutathione (n ¼ 73) Placebo (n ¼ 80)

Mean (SD) n (%) Mean (SD) n (%)

Age, yr 23.1 (9.8) — 23.0 (10.4) —

Height, cm 166.2 (13.3) — 163.9 (16.0) —

Weight, kg 56.6 (14.4) — 54.3 (16.8) —

BMI, kg/m2 20.2 (3.5) — 19.6 (3.6) —

FEV1, L 2.2 (0.7) — 2.1 (0.7) —

FEV1 % predicted 65.6 (14.1) — 65.2 (14.5) —

FVC % predicted 78.9 (12.0) — 81.6 (14.4) —

FEF25–75 % predicted 39.3 (22.5) — 36.0 (20.4) —

Quality of life, total score 75.0 (10.0) — 75.0 (11.8) —

Quality of life, respiratory 69.5 (14.2) — 66.1 (18.0) —

Sex

Male — 42 (57.5) — 37 (46.3)

Female — 31 (42.5) — 43 (53.8)

Ethnic origin

White — 72 (98.6) — 80 (100.0)

Other — 1 (1.4) — 0 (0.0)

Delta-F508 homozygous — 31 (42.4) — 41 (51.3)

Delta-F508 heterozygous — 12 (16.4) — 14 (17.5)

Others — 27 (37.0) — 21 (26.3)

Unknown — 3 (4.1) — 4 (5.0)

Pseudomonas aeruginosa — 41 (56.2) — 40 (50.0)

Staphylococcus aureus — 23 (31.5) — 33 (41.3)

Haemophilus influenza — 4 (5.5) — 2 (2.5)

Stenotrophomonas maltophilia — 5 (6.8) — 7 (8.8)

Mycobacteria — 1 (1.4) — 4 (5.0)

Burkholderia cepacia — 0 (0.0) — 1 (1.3)

Candida — 25 (34.2) — 36 (45.0)

Aspergillus — 15 (20.5) — 23 (28.8)

Definition of abbreviation: FEF25–75% ¼ forced expiratory flow, midexpiratory phase

No significant differences between the two groups were present at baseline. P . 0.50 in all, except sex (0.20), ethnic origin (0.48), delta-F508 homozygous (0.33),

Haemophilus influenza (0.43), Mycobacteria (0.21), Candida (0.19), and Aspergillus (0.09) (Fisher’s exact test) (n ¼ 153).

TABLE 2. RESULTS ON PRIMARY OUTCOME VARIABLE FEV1 IN THE INTENTION TO TREAT COHORT

Glutathione (n ¼ 73) Placebo (n ¼ 80) P Value

Pre–post difference of FEV1 absolute values from baseline to EOT, L 0.10 6 0.14 20.13 6 0.01 0.180

Time-weighted AUC of FEV1 absolute values from baseline to EOT, L 2.15 6 0.08 2.02 6 0.08 0.205

Definition of abbreviations: AUC ¼ area under the curve; EOT ¼ end of trial.

Data are results of the analysis of covariance test with treatment, age group, and center used as predictive factors; baseline FEV1 % predicted and time of spirometry as

covariates. Given are the least-square means 6 SE. The evaluation of the per protocol data set confirmed these results.
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typically less intense than ours with regard to inhaled antibiotics
and other treatments (21). This allowed bigger effects of newly
introduced therapies to occur in the past. For inhaled tobramy-
cin, a 12% improvement in FEV1 relative to baseline was ob-
served after 20 weeks of treatment (22); dornase alfa showed
a 5.8% improvement in FEV1 in comparison to placebo after 24
weeks (16), hypertonic saline demonstrated a 3.2% improve-
ment after 48 weeks (23), and inhaled mannitol a 3.7% increase
(24) after 26 weeks. Before the start of the study, we had set
a 5% predicted increase in lung function to be clinically relevant
and calculated our sample size based on this assumption. With
the results obtained in this study, a sample size of 276 subjects
would have been necessary to show a 2.2% predicted change in
FEV1 to be statistically significant.

Adherence to therapy is another relevant issue for the interpre-
tation of the study results. Based on vial counts, adherence to study
medication was high (906 23%). As generally acknowledged, this
commonly used technique to monitor adherence may overesti-
mate adherence (25). In a subset of 35 patients, we electronically
monitored adherence to inhalation of the study drugs with a novel
eFlow device with monitoring function; mean adherence was
76%, whereas, calculated from vials, it was 88% (26) (see supple-
mental METHODS and Figure E2). Although this was a double
blind study with respect to packaging of the vials and visual ap-
pearance of the medication, those subjects treated with verum
could recognize glutathione by its smell, which cannot be masked.
This may have reassured these subjects of having received active
medication, and thus explains the significantly higher dropout rate
due to early termination by patient request in the placebo group
(3 in the glutathione group, 14 in the placebo group). On the other

hand, waning treatment adherence over time may be considered
to explain the nonsustained levels of glutathione recovered in
sputum at later time points. This may have translated into non-
sustained effects on lung function.

For a comprehensive judgment of a significant clinical benefit,
reduced rates of pulmonary exacerbations and increased scores
for quality of life are expected to consistently support the ben-
eficial effect of a treatment. This was clearly not the case, as, for
both groups of variables (i.e., quality of life in general and spe-
cific categories), as well as rate and time to exacerbations using
several definitions, no significant differences between glutathi-
one and placebo treatment were demonstrated. The reduction
of the rate of exacerbations over placebo was 18% in this trial,
22% in the large rhDNase trial involving 968 patients (16), 26%
in the mannitol trial (not significant) (24), and 66% in the hy-
pertonic saline trial (23).

Due to the intense and early, amplified inflammatory response
in CF lungs (1), a large excess of oxidants characterizes these
airways (3). Lack of the major extracellular antioxidant, glutathi-
one, usually present in millimolar concentrations in the alveolar
space (7, 9, 27), is believed to represent a central event in CF lung
pathogenesis, and contributes to the progressive lung tissue dam-
age. Measurements of glutathione and metabolites in sputum
during steady state before the next inhalation demonstrated sig-
nificant delivery to the lungs. This was in good agreement with
our previous proof of appropriate delivery, as assessed by bron-
choalveolar lavage and increased levels in epithelial lining fluid
(7). Inhaled glutathione led to an increase in cysteinyl-glycine,
the product generated by cell surface–located g-glutamyl trans-
peptidase (28) and to a reduction of its precursors, homocysteine

Figure 2. Changes from baseline through

Months 1, 3, and 6 in FEV1 absolute value

in liters with SE (A), time to first pulmonary

exacerbation by treatment group (B), FEV1
% predicted with SE (C), and total sputum

glutathione with SE (D). Exact P values of

less than 0.10 of the exploratory analysis

are indicated above the corresponding
data points at the respective times. Open

symbols, placebo; closed symbols, glutathi-

one. GSH ¼ glutathione.

TABLE 3. SUMMARY OF ADVERSE EVENTS BY TREATMENT GROUP

Glutathione (n ¼ 73) [n (%)] Placebo (n ¼ 80) [n (%)]

Subjects with any adverse events 73 (100) 77 (96)

Subjects with serious adverse events 8 (11) 8 (10)

Cystic fibrosis lung (pulmonary exacerbation) 4 (5) 5 (6)

Hemoptysis 2 (2) —

Abdominal pain, distal intestinal obstruction syndrome 1 (2) 2 (2)

Facial palsy 1 (1) —

Nephritis — 1 (1)
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and glutamyl-cysteine. However, these significant changes were
not associated with diminished oxidative stress to proteins
(assessed by their carbonyl content) or to lipids (assessed by
8-isoprostan levels). This is in close agreement with our previous
investigation (7), and extends the findings to long-term treat-
ment with inhaled glutathione. In addition, a wide range of cellu-
lar and soluble markers was not altered by glutathione treatment
compared with placebo, clearly indicating no prominent anti-
inflammatory effect, which up to now was ascribed to inhaled glu-
tathione therapy (8, 29). These results on surrogate markers must be
interpreted with caution, as the analyses were done in the subset of
subjects investigated in centers with appropriate sputum processing
facilities. Nevertheless, we did not find any evidence in sputum
for significant antioxidative or anti-inflammatory actions of glu-
tathione supplemented to the airways in patients with CF.

Daily inhaled administration of glutathione for 6 months was
not associated with an increased safety risk, led to small, but not
clinically relevant increases in lung function, did not reduce the
rate and time to pulmonary exacerbation, and did not improve
quality of live. Despite large increases of extracellular and intra-
cellular glutathione in sputum, surrogate markers of oxidative
and inflammatory processes were not altered. The results chal-
lenge the concept that the introduction of large doses of the sin-
gle metabolite, glutathione, produced naturally in the body and
having many functions, including antioxidative actions, may be
helpful in mitigating oxidative or inflammatory dysbalance in
CF. It must be kept in mind that we did not formally show in
this study that alveolar glutathione concentrations were elevated
to or above normal values. These data support the view that ex-
ogenous treatment with glutathione at the dose administered is
unlikely to be of clinically relevant benefit in CF.

Glutathione is a major antioxidant in the extracellular lining
fluid of the lungs, and is depleted in CF; however, its inhalation
over 6 months did not demonstrate clinically relevant improve-
ments in lung function, pulmonary exacerbation risk, or patient-
reported outcomes. Furthermore, this treatment did not alter ox-
idative, proteolytic, or inflammatory balance in CF airways.
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ONLINE DATA SUPPLEMENT 

 

DETAILED METHODOLOGY 

 

Choice of drug dose and delivery system 

In our previous study to investigate the pulmonary deposition of radiolabeled glutathione, we 

administered two doses of glutathione (300 mg and 450 mg) using a PARI LC STAR 

nebulizer coupled to the AKITA device, showing an intrathoracic deposition of 85.5±0.9% of 

the emitted aerosols 1. As, due to budget constraints, it was not possible to use AKITA 

devices in a large study of more than 130 subjects, we had to search an alternative inhalation 

device for maximal glutathione delivery to the lungs. The PARI LC STAR® and the 2004 

newly launched electronic inhaler eFlow® were compared and assessed in detail: 

Methods: The PARI LC STAR® was powered by a PARI BOY N® compressor, the eFlow® 

35L was customized considering pore size and a large aerosol chamber (both PARI GmbH, 

Starnberg, Germany). Lyophilized reduced glutathione-sodium (646 mg/vial) was obtained 

from Biomedica Foscama, Italy, and the glutathione-Na content was dissolved in 3 ml water 

(corresponding to 600 mg glutathione in 3 ml). The in-vitro nebulization efficiency now was 

investigated by the PARI COMPAS breath simulator mimicking an adult breathing pattern 

(15 breaths/min a 500 ml) and a child breathing pattern (25 breaths/min a 200 ml). Inhaled 

and exhaled glutathione fraction were analyzed by a HPLC-method using evaporative light 

scattering detection (ELSD), capable to separate reduced from oxidized glutathione. The 

droplet size distribution was determined at 20 l/min by laser diffraction utilizing a Malvern 

MasterSizer X (Malvern GmbH, Herrenberg, Germany) for the assessment of the respirable 

fraction, mass median diameter and geometric standard deviation. All tests were performed 

with 3 devices in duplicate, each (n=6). The respirable dose was calculated as follows: mg 

delivered dose x % respirable fraction = mg respirable dose. 

6/25/2013  1 



Results: Comparative in-vitro data of the PARI LC STAR® vs. the eFlow® 35 L upon 

nebulization  of 525 mg GSH /3 ml were as follows: Delivered Dose (DD): 167.5 vs. 361.9 

µg; Respirable Dose (RD) <5 µm: 135.6 vs. 302.7 µg; MMD: 2.9 vs. 3.3 µm and nebulization 

time 10.4 vs. 7.5 mins, respectively. Nebulisation performance was not affected by different 

breathing patterns. The fraction of oxidized glutathione after nebulization was < 3%.  

In order to increase the delivered dose, 600 mg glutathione were dissolved in 4 ml , yielding a 

respirable dose of > 400 mg using the customized eFlow® device. According to a measured 

deposition fraction from radioactive labeling experiments, we could conclude that more than 

66% of glutathione is delivered to the lungs in this setting (correspondent to >260 mg). 

 

Treatment Adherence 

To ensure treatment adherence, site personnel reviewed study drug dosing requirements with 

the subject at each study visit and during telephone contacts once every second week. 

Compliance was assessed by drug accountability. An investigational eFlow nebulizer system 

(PARI Pharma GmbH, Starnberg, Germany) with a feature of monitoring patient adherence 

using a chip card was used in 35 patients randomly selected from 4 centers (Munich, Dresden, 

Essen, Leipzig). The device stored time, date, duration of each nebulization session, and the 

reason for the end of the therapy session. The chip card with recorded patient data was 

replaced at each clinic visit and downloaded onto a computer. Adherence was analyzed for 

each single patient for each period between the visits by evaluating data from the nebulizer. In 

parallel also drug usage was used for calculating adherence for the whole study period. 

 

Endpoints 

Primary clinical efficacy endpoints 

The primary efficacy endpoint was the absolute change in pre-post difference between End-

of-trial (EOT) and the mean baseline value (mean of Visit [V]1 and V2 during the run-in 
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period) of FEV1 absolute values, expressed in Liters (L). As hierarchical co-primary, also the 

time-weighted AUC of the FEV1 absolute values was calculated over the course of the 

treatment period (1, 3, and 6 months). The AUC was calculated using the trapezoidal rule and 

was divided by the time difference (time-weighted AUC). 

 

Secondary clinical efficacy endpoints 

 The secondary variables were pre-post differences between baseline and 

measurements at 1, 3, and 6 months of FEV1 % predicted, forced vital capacity (FVC) % 

predicted and FVC (L), forced expiratory flow at 25-75% of FVC (FEF25-75) % predicted, 

and FEF25-75 (L). Assessments had to be performed prior to the use of bronchodilators (at 

least 4 hours since last short-acting β-agonist or anticholinergic, 12 hours since last long-

acting treatment) and prior to study drug administration on the day of the visit. FEV1, forced 

vital capacity (FVC), and forced midexpiratory flow rate (FEF25-75%) were determined. Values 

were recorded as volumes (L) for FEV1 and FVC or rate (L/s) for FEF25-75% and as percent 

predicted for age, gender, and height 2;3.  

 Time-to-first pulmonary exacerbation was evaluated as a secondary efficacy measure. 

The proportion of patients with at least one pulmonary exacerbation during the treatment 

period was calculated. A pulmonary exacerbation was defined according to Fuchs et al 4. Two 

different approaches are reported: (1) A pulmonary exacerbation was defined as experience of 

at least four of the following twelve signs and symptoms: Change in sputum, new or increased 

coughing up of blood, increased cough, increased dyspnea, malaise, fatigue, lethargy, fever 

(temperature above 38°C), anorexia or weight loss, sinus pain/tenderness or change in sinus 

discharge, non-specified symptoms, new findings on chest examination, decline in FEV1 

>10% since previous visit, radiographic changes indicative of pulmonary infection. (2) For 

definition 2, additionally to experience at least four of the above mentioned symptoms, the 

patient had be treated with intravenous antibiotics. 
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 Subject-reported quality of life including respiratory symptoms were assessed using 

the revised German Cystic Fibrosis Questionnaire, a validated, disease-specific health-related 

quality of life instrument 5;6. The age-appropriate version for children (CFQ-6-13 years), for 

adolescents (CFQ-14+; i.e., 14-17 years) and for adults (CFQ-18+) were administered. 

Responses are provided on a 4-point Likert scale and rescaled within each domain to a score 

range from zero to 100 points. Higher scores represent better health.  

 

Safety and Adverse Event Profile 

The study also evaluated the safety and adverse event profile of inhaled glutathione, based on 

the rate of premature withdrawals, development of physical examinations, change in 

hematology and blood chemistry and occurrence of adverse events. 

 

Inflammatory and neutrophil activation markers in sputum  

In a subgroup of subjects from centers with appropriate sputum processing facilities and who 

had been trained to comply with the standard operation procedures set up prior to the study 

(Munich, Hannover, Cologne, Berlin, Frankfurt and Bochum), a broad range of exploratory 

cellular and biochemical markers were centrally evaluated (Munich) and the pre-post 

differences from baseline to V3/V4/EOT were calculated. 

Induced sputum samples were transported on ice to the laboratories immediately after 

acquisition and were processed within 30 minutes 7. Cell viability was assessed by Trypan 

blue exclusion. For differential cell counts, cytospin slides with 30,000 cells per slide were 

stained according to May-Grünwald-Giemsa. Neutrophil elastase was assessed 

spectrophotometrically as described previously 1;8. Glutathione and its metabolites in sputum 

and blood supernatant samples were quantified by RP-HPLC as described 9;10. Reduced 

glutathione and reduced forms of its metabolites were named free glutathione or free forms; 

the sum of reduced and oxidized glutathione or of its metabolites were named total 
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glutathione or total forms. Intracellular glutathione levels in sputum and blood neutrophils 

were measured by flow cytometry with monochlorobimane (Fluka, Germany) as described 

previously 11 using a FACS Canto II and the FACS Diva software (Becton Dickenson, 

Germany). 

As a measure for oxidative stress, carbonylated proteins were determined by the sensitive 

slot-blot assay as described before 12;13. The lipid mediators 15(S)-HETE (anti-inflammatory), 

LTB4 (pro-inflammatory), PGE2 (immune-modulating) and 8-Isoprostan as a marker for 

oxidative stress were analyzed as described previously 14. Levels of the pro-inflammatory 

cytokine and chemokines IL-1β, IL-8 and TNF-α,  and levels of the immune-regulating 

cytokine IL-10 in processed sputum supernatant samples with protease inhibitors (Complete 

Mini, Roche, Germany) were measured by multiplex bead array (Bio-Rad, Germany) 

according to the manufacturer’s protocol. The expression of surface markers and oxidative 

burst in sputum and blood neutrophils measuring cell activation and apoptosis were analyzed 

by flow cytometry using a FACS Calibur and CellQuest software (Becton Dickenson, 

Germany). Antibodies for CD63, CXCR1, CD11b, CD35, CXCR3, CXCR4, Annexin V and 

propidium iodide were from BD Pharmingen (Germany), and dihydrorhodamine 123 was 

from AnaSpec/MoBiTec (Germany). Annexin V/propidium iodide staining was used to 

exclude apoptotic/necrotic cells from analysis. Fc blocking and isotype or negative controls 

were included to exclude unspecific binding. 

 

Statistical Analyses 

The primary analysis for efficacy was done in the ITT data set and for exploratory reasons in 

the per-protocol set. The two primary variables or efficacy endpoints of the study ((1) FEV1 

absolute values´ pre-post difference between end of trial and baseline, and (2) FEV1 absolute 

values´ time-weighted area under the curve over the course of the treatment period) were 

investigated within a hierarchical test procedure. The (1) step of the hierarchical confirmatory 
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inferential statistical evaluation of the primary efficacy variables was based on a three-way 

analysis of covariance (ANCOVA) model of the FEV1 pre-post difference between EOT and 

the mean baseline value (mean of V1 and V2 FEV1), with treatment group, centers, and age 

group (adults or pediatrics) as fixed effect factors (main effect model) and baseline 

measurement of FEV1 as a covariate.  

 The confirmatory comparison between the two treatment groups was performed based 

on the two-sided ANCOVA F-test and by calculating the associated two-sided 95%-

confidence interval of the between-group difference for the adjusted means (L(east) S(quare) 

means). The null hypothesis was rejected in favour of the alternative of superiority if half of 

the resulting p-value (i.e. p/2) fell below the significance level α = 0.025 (Type III error) 

which was equivalent to the result that the lower limit of the two-sided 95%-confidence 

interval was greater than zero. The (2) step of the hierarchical procedure was carried out 

analogously to the first step using the time-weighted AUC as dependent variable of the model. 

The normal distribution assumption of the residuals in the ANCOVA model was examined by 

the Shapiro-Wilk test and by visual check of plots of the residuals. If serious discrepancies 

from the normality assumption of the residuals were detected the analysis of variance may 

have also been performed based on normal scores of the ranks using the Blom transformation. 

 Analyses for secondary variables were done in the same way. In addition, the 

respiratory symptom score and the sum score of the revised German CFQ at each visit as well 

as the corresponding pre-post differences to baseline were analyzed descriptively (N, number 

of missing values, mean, standard deviation [SD], minimum, lower quartile, median, upper 

quartile, maximum). Differences of the pre-post difference to baseline between treatment 

groups were tested using the Wilcoxon-Mann-Whitney test two-sided on α-levels of 5%. 
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SUPPLEMENTAL TABLES AND FIGURES 

 

Supplemental Table 1. Chronic medications utilized prior to and during the study.  

Medication, n (%) 
Glutathione Placebo 

(N=78) (N=75) 

N-Acetylcysteine, oral 41 (53) 28 (37) 

Ambroxol 9 (11) 7 (9) 

Dornase alfa 56 (72) 47 (63) 

Fluticasone 31 (40) 18 (23) 

Ibuprofen 11 (14) 5 (7) 

Ciprofloxacin, oral 29 (37) 31 (41) 

Cephalosporin, oral 44 (56) 37 (49) 

Macrolide 40 (51) 36 (46) 

Itraconazol 8 (10) 8 (11) 

Hypertonic saline (3 or 6%) 16 (21) 22 (30) 
Inhaled colistin 32 (41) 28 (37) 

Inhaled tobramycin 47 (60) 51 (68) 

Pancreatic enzymes 74 (95) 67 (89) 
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Supplemental Table 2. Summary of results regarding weight, exacerbations, and quality of 

life. Data are expressed as pre-post differences (baseline (V2) to 1 month (V3) visit, 3 month 

(V4) visit, and 6 month (V5) visit). 

 GSH (N = 73) Placebo (N = 80)  
 Mean SD Mean SD p-value* 

Weight [kg] V3-V2 0.2 1.02 0.1 1.05 0.5864 
 V4-V2 0.5 2.04 -0.5 1.77 0.0372 
 V5-V2 1.3 2.01 1.0 2.23 0.2959 

Time to first pulmonary 
exacerbation (days) 

 163 6.3 141 6.0 0.3367 

Total No. of pulmonary 
exacerbations 

 24  34   

Exacerbations per patient 
year and duration of 
exposure 

 0.7704  0.9998   

No. of pulmonary 
exacerbations/patient 

 0.33 0.58 0.42 0.72 0.5337 

No. of pulmonary 
exacerbations/duration of 
exposure (No./days) 

 0.0027 0.0062 0.0032 0.0069 0.5815 

Quality of life, Respiratory V3-V2 3.6 16.16 0.9 14.25 0.3846 
 V4-V2 0.8 14.43 1.3 12.55 0.5905 
 V5-V2 -2.9 14.79 0.4 15.16 0.0622 

Quality of life, Total score V3-V2 1.8 7.89 -0.4 7.37 0.0875 
 V4-V2 0.1 9.32 -1.1 7.26 0.1802 
 V5-V2 -0.3 7.68 -1.1 7.64 0.6851 

 

*p-value according to two-sided Wilcoxon rank sum test. 
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Supplemental Table 3.  Frequently reported treatment emerging adverse events (TEAE) 

symptoms by treatment group (occurrence ≥10% of all patients). Given are the number (n) 

and percentage of total (%) of patients with at least one adverse event. 

 

 GSH (N = 73) Placebo (N = 80) 
 n % n % 

Cough 34 46.6 35 43.8 
Nasopharyngitis 31 42.5 31 38.8 

Condition aggravated 20 27.4 21 26.3 
Sputum increased 20 27.4 20 25.0 
Headache 17 23.3 20 25.0 

Haemoptysis 17 23.3 20 25.0 
Pyrexia 12 16.4 8 10.0 
Lung disorder 9 12.3 10 12.5 

Sputum abnormal 11 15.1 8 10.0 
Infection 10 13.7 8 10.0 
Upper respiratory tract infection  9 12.3 7 8.8 

Rales 8 11.0 8 10.0 
Oropharyngeal pain 5 6.8 11 13.8 
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Supplemental Table 4 Baseline data in sputum 

 Glutathione Placebo  
Biochemical variable 

N mean, SD N mean, SD 
p-value, u-

test 
Thiols in sputum 

Free Glutathion in sputum [pM] 26 20.4, 27.64 35 17.6, 21.02 0.8611 
Total Glutathion in sputum [pM] 26 39.1, 43.97 35 39.1, 33.12 0.5402 
Free Cysteine in sputum [pM] 26 59.2, 75.23 35 43.3, 55.35 0.6830 
Total Cysteine in sputum [pM] 26 164.8, 161.14 35 149.1, 167.36 0.7263 
Free Glutamyl-cysteine in sputum [pM] 23 5.5, 4.96 33 2.9, 3.55 0.0499 
Total Glutamyl-cysteine in sputum [pM] 23 17.5, 13.58 33 12.9, 11.49 0.1593 
Free Homocysteine in sputum [pM] 26 2.7, 2.49 33 2.3, 2.51 0.4498 
Total Homocysteine in sputum [pM] 26 13.3, 14.35 33 9.8, 8.55 0.5773 
Free Cysteinyl-Glycine in sputum [pM] 26 20.0, 19.41 34 17.7, 16.12 0.9050 
Total Cysteinyl-Glycine in sputum [pM] 26 60.1, 62.06 35 52.1, 41.08 0.8840 
Glutathione in sputum neutrophils 

Monochlorobimane (GSH) in sputum 
neutrophils [MFI] 9 8.0, 3.36 11 7.4, 2.04 0.7612 
Protein carbonyls 

Protein carbonyls [U] 23 24.1, 23.37 33 25.6, 34.34 0.6650 
Sputum weight, Total cell count and cell viability 

Total weight of sputum [g] 24 3.5, 4.12 28 4.3, 3.72 0.1863 
Total cell count in sputum [mio/mL] 24 4.8, 4.46 22 5.3, 6.33 0.6053 
Number of cells per g sputum [mio] 19 4.4, 6.65 17 6.1, 13.24 0.8991 
Cell viability [%] 19 86.4, 8.07 19 88.1, 7.10 0.5590 
Differential cell count 

Counted cells 17 370.6, 68.60 24 364.7, 96.69 0.8129 
Neutrophiles [%] 17 94.2, 5.85 24 90.6, 19.82 0.6151 
Basophils [%] 17 0.2, 0.39 24 0.3, 0.72 0.8744 
Eosinophils [%] 17 0.7, 0.78 24 1.2, 1.72 0.3508 
Macrophages [%] 17 4.0, 5.33 24 2.6, 3.18 0.7803 
Lymphocytes [%] 17 0.9, 1.20 24 1.1, 1.14 0.4411 
 

Cont. 
Cont. Supplemental Table 4 
 
Neutrophil elastase 

Neutrophil elastase [µg/ml] 29 213.8, 210.18 36 211.3, 200.51 0.9612 
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Lipid mediators 

5-S-HETE 23 1712.3, 1583.40 34 1625.1, 1215.69 0.8151 
LTB4 23 871.8, 815.07 34 1167.8, 2253.01 0.5492 
PGE2 23 174.1, 187.38 34 130.0, 183.79 0.3819 
Isoprostan 23 190.8 34 163.5, 92.93 0.3491 
Cytokines and chemokines in sputum 

IL-10 [pg/ml] 25 11.1, 16.53 32 7.0, 10.10 0.1898 
IL-8 [pg/ml] 25 3236.4, 2053.83 32 3116.5, 2109.19 0.8407 
TNF-alpha [pg/ml] 25 36.1, 64.62 32 30.1, 61.83 0.4821 

IL-1β [pg/ml] 25 769.0, 1061.40 32 444.7, 819.89 0.4166 
Flow cytometry analyses in sputum neutrophils [MFI] 

CD63 in sputum (MFI) 11 2.2, 0.54 13 2.7, 1.19 0.2819 
CXCR1 in sputum (MFI) 11 1.1, 0.42 13 1.1, 0.51 0.9299 
CD11b in sputum (MFI) 11 4.8, 2.50 13 5.7, 2.79 0.4865 
CD35 in sputum (MFI) 11 1.9, 0.58 13 2.6, 1.82 0.5415 
DHR in sputum (MFI) 11 6.1, 5.23 13 10.6, 8.85 0.1470 
CXCR3 in sputum (MFI) 8 1.2, 0.09 10 1.2, 0.47 0.2015 
CXCR4 in sputum (MFI) 8 1.3, 0.18 10 1.3, 0.49 0.3652 
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Supplemental Table 5. Pre-post differences: parameters in sputum 
 
 Glutathione Placebo  
Difference N Mean SD N Mean SD p-value* 
Thiols in sputum 
 Free glutathione [pM] 
V3-V2  25 129.5 428.36 30 -1.8 22.74 0.0192 

V4-V2  23 80.5 218.22 24 -0.9 15.97 0.0004 
V5-V2  23 56.6 134.15 27 -2.5 21.40 0.0471 
 Total glutathione [pM] 
V3-V2  24 403.5 749.57 30 -2.3 25.64 0.0028 

V4-V2  23 328.0 395.92 25 -1.2 27.45 <0.0001 
V5-V2  23 268.5 716.35 27 -5.0 33.01 0.0493 
 Free cysteine [pM] 
V3-V2  25 -26.5 76.38 30 3.6 46.66 0.2908 

V4-V2  23 -7.7 79.85 25 -1.0 36.15 0.9835 
V5-V2  23 -15.7 87.30 27 -3.6 68.99 0.9845 
 Total cysteine [pM] 
V3-V2  24 -31.9 134.97 30 -6.9 106.29 0.8824 

V4-V2  23 2.0 128.87 25 -13.7 157.94 0.3219 
V5-V2  23 -20.5 161.22 27 -13.1 108.94 0.8153 
 Free glutamyl-cysteine [pM] 
V3-V2  21 -2.3 5.61 25 1.6 4.07 0.0152 
V4-V2  19 -1.8 4.32 23 0.9 4.62 0.0292 
V5-V2  19 -1.9 3.98 23 0.2 3.95 0.1002 
 Total glutamyl-cysteine [pM] 
V3-V2  23 0.0 15.59 25 0.2 8.60 0.8527 
V4-V2  19 3.5 18.34 23 -1.8 13.24 0.3244 

V5-V2  21 -1.3 12.37 23 -2.6 11.83 1.0000 
 Free homocysteine [pM] 
V3-V2  24 -1.4 3.15 28 -0.0 2.31 0.1713 
V4-V2  22 -1.1 2.59 24 0.5 2.46 0.0336 
V5-V2  23 -0.9 2.71 26 -0.3 2.63 0.5609 
 Total homocysteine [pM] 
V3-V2  24 -3.9 11.52 28 -1.8 9.16 0.7480 
V4-V2  22 -2.2 16.98 24 -1.2 10.38 0.9212 

V5-V2  23 -1.0 12.17 26 -1.0 7.49 0.9680 
 

Cont. 

6/25/2013  14 



Cont. Supplemental Table 5 
 
 Free cysteinyl-glycine [pM] 
V3-V2  24 0.3 25.12 29 1.3 15.90 0.6106 

V4-V2  23 4.7 19.08 24 -2.7 15.39 0.1732 
V5-V2  23 0.7 21.71 26 -4.0 16.97 0.6236 
 Total cysteinyl-glycine [pM] 
V3-V2  24 46.2 126.45 30 -1.9 32.64 0.0375 
V4-V2  23 43.8 104.50 25 -8.4 44.55 0.0069 
V5-V2 23 20.6 81.83 27 -9.5 39.36 0.2932 
Glutathione in sputum neutrophils 
 Monochlorobimane (GSH) 
V3-V2  6 0.3 0.58 8 -0.5 1.05 0.1066 
V4-V2  8 3.1 4.82 7 -0.6 1.08 0.0428 
V5-V2  8 3.9 4.09 8 -0.5 0.70 0.0028 
Protein carbonyls 
 Protein carbonyls [U] 
V3-V2  21 6.1 20.27 28 1.9 22.86 0.4367 
V4-V2  18 2.0 24.45 26 2.1 17.26 0.9714 

V5-V2  19 9.4 26.90 22 -1.3 13.38 0.4406 
Sputum weight, Total cell count and cell viability 
 Total weight of sputum [g] 
V3-V2  23 -0.7 3.94 25 0.7 6.10 0.2973 
V4-V2  19 -0.9 3.71 17 0.4 4.03 0.5471 

V5-V2  17 -1.4 4.32 15 -0.9 4.37 0.8208 
        
 Total cell count in sputum [mio/ml] 
V3-V2  23 0.2 3.22 19 -0.0 2.01 0.7810 

V4-V2  17 -0.4 5.44 14 0.1 5.52 0.8582 
V5-V2  16 -0.2 2.68 13 2.6 4.77 0.1958 
 Number of cells per g sputum [mio] 
V3-V2  18 -0.2 4.88 14 0.7 3.84 0.5560 

V4-V2  15 -0.1 10.06 10 -2.0 10.02 0.9779 
V5-V2  13 0.4 3.07 9 2.8 4.22 0.4229 
 Cell viability [%] 
V3-V2  19 0.9 5.19 18 -2.7 5.11 0.0274 
V4-V2  14 0.6 7.28 12 -5.7 6.17 0.0267 
V5-V2  13 -0.4 5.08 10 -2.7 5.62 0.2511 

Cont. 

6/25/2013  15 



Cont. Supplemental Table 5 
 
Differential cell count 
 Neutrophils [%] 
V3-V2  13 0.9 7.96 18 -5.4 21.97 0.5889 

V4-V2  8 -12.0 34.21 11 1.3 5.49 0.3020 
V5-V2  9 0.4 8.48 8 7.1 36.52 0.5966 
 Basophils [%] 
V3-V2  13 0.3 1.60 18 0.1 0.83 0.7211 
V4-V2  8 0.2 0.99 11 -0.2 0.59 0.7747 

V5-V2  9 0.3 1.24 8 0.8 1.57 0.7059 
 Eosinophils [%] 
V3-V2  13 0.2 1.50 18 -0.1 1.44 0.7485 
V4-V2  8 0.1 0.79 11 0.7 2.41 0.7726 

V5-V2  9 0.2 0.83 8 0.2 0.65 0.7357 
 Macrophages [%] 
V3-V2  13 -1.1 5.31 18 -0.0 3.59 0.8886 
V4-V2  8 -0.8 7.18 11 -1.6 2.80 0.3859 

V5-V2  9 -0.7 6.60 8 4.8 8.34 0.1358 
 Lymphocytes [%] 
V3-V2  13 -0.3 1.80 18 -0.3 1.27 0.9521 
V4-V2  8 0.1 2.41 11 -0.1 2.30 0.5915 

V5-V2  9 -0.2 1.42 8 -0.3 1.69 0.8850 
Neutrophil Elastase 
 NE levels in sputum [µg/ml] 
V3-V2  26 -62.0 170.20 30 -36.6 156.40 0.7863 
V4-V2  26 -43.5 190.13 25 -69.5 180.94 0.5528 

V5-V2  19 -35.9 159.56 25 -54.3 178.63 0.8219 
 NE levels per g sputum [µg/ml] 
V3-V2  50 -20.6 202.46 53 -24.7 130.62 0.5504 
V4-V2  47 -21.3 153.57 47 -19.6 161.99 0.9217 

V5-V2  42 5.1 177.28 46 0.4 160.24 0.9833 
 

Cont. 
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Cont. Supplemental Table 5 
 
Lipid mediators 
 15(S)-HETE 
V4-V2  18 24.3 1023.16 24 39.4 532.99 0.8290 

V5-V2  19 365.2 1124.72 23 -284.0 875.66 0.1232 
 LTB4 
V4-V2  18 126.0 905.45 24 -250.8 1480.39 0.9493 
V5-V2  19 206.4 1083.72 23 85.8 956.52 0.3002 
 PGE2 
V4-V2  18 -9.0 136.33 24 -12.5 107.85 0.3405 

V5-V2  19 26.1 261.32 23 -56.7 132.21 0.5442 
 Isoprostan 
V4-V2  18 -8.5 108.15 24 42.8 146.19 0.1660 
V5-V2  19 -2.9 167.22 23 2.7 121.49 0.5611 
 
Cytokines and chemokines in sputum 
 IL-10 [pg/ml] 
V5-V2  24 -1.8 20.47 29 -1.6 15.40 0.7681 
 IL-8 [pg/ml] 
V5-V2  24 -338.4 2097.13 28 139.9 1800.03 0.4912 
 TNF-alpha [pg/ml] 
V5-V2  24 21.8 158.56 29 2.0 82.17 0.3949 
 IL-1β [pg/ml] 
V5-V2  24 -255.9 950.58 29 84.5 1140.45 0.4265 
 
Flow cytometry analyses in sputum neutrophils 
 CD63 
V3-V2  10 0.3 0.91 11 0.3 1.39 0.8051 
V4-V2  10 1.2 0.92 8 0.6 1.54 0.2301 

V5-V2  10 0.5 0.64 7 -0.4 1.24 0.2813 
 CXCR1 
V3-V2  10 -0.3 0.55 11 -0.2 0.64 0.9143 
V4-V2  10 -0.2 0.80 8 -0.0 0.72 1.0000 

V5-V2  10 -0.4 0.84 7 0.1 0.70 0.1690 
 CD11b 
V3-V2  10 1.3 2.05 11 1.2 3.42 0.8603 
V4-V2  10 1.9 2.91 8 5.3 14.16 0.894 

V5-V2  10 0.8 2.50 7 -0.0 3.61 0.8073 
 

Cont. 
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 CD35 
V3-V2  10 0.2 0.65 10 -0.8 1.89 0.112 
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V4-V2  8 0.3 1.69 8 -0.6 2.18 0.8748 

V5-V2  9 0.0 0.52 5 -1.5 2.92 0.2566 
 DHR 
V3-V2  10 2.7 4.79 11 -1.2 7.21 0.5028 
V4-V2  9 1.7 7.59 8 4.8 9.60 0.4705 

V5-V2  9 5.3 8.37 6 10.9 11.69 0.3165 
 CXCR3 
V3-V2  7 0.1 0.18 8 -0.0 0.23 0.1792 
V4-V2  5 0.2 0.11 6 0.2 0.21 0.7782 
V5-V2  4 0.2 0.06 4 -0.1 0.17 0.0796 
 CXCR4 
V3-V2  7 0.1 0.17 8 -0.2 0.61 0.4495 
V4-V2  5 -0.1 0.96 6 0.2 0.35 0.3591 
V5-V2  4 0.2 0.22 4 -0.3 0.22 0.0304 

 

*p-value according to two-sided Wilcoxon rank sum test 

 

Visit (V) 2 is at baseline, V3 after 1 months of treatment, V4 after 3 months of treatment, and 

V5 after 6 months of treatment 
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Supplemental Table 6 Baseline data in blood 
 
 Glutathione Placebo  

Biochemical variable 
N mean, SD N mean, SD 

p-value, 
u-test 

Thiols in blood 

Free Glutathion in blood [pM] 30 0.8, 1.16 40 0.8, 0.90 0.5529 
Total Glutathion in blood [pM] 30 6.1, 4.23 40 7.5, 6.32 0.2697 
Free Cysteine in blood [pM] 30 5.5, 6.45 40 5.1, 2.85 0.8308 
Total Cysteine in blood [pM] 30 133.2, 51.02 40 149.6, 38.56 0.1761 
Free Glutamyl-cysteine in blood [pM] 29 0.4, 0.84 38 0.3, 0.73 0.2411 
Total Glutamyl-cysteine in blood [pM] 30 3.7, 1.59 40 3.9, 1.11 0.5371 
Free Homocysteine in blood [pM] 30 0.3, 0.28 38 0.3, 0.19 0.8385 
Total Homocysteine in blood [pM] 30 7.9, 3.75 40 8.7, 3.12 0.4197 
Free Cysteinyl-Glycine in blood [pM] 30 1.7, 2.06 40 1.5, 0.81 0.6223 
Total Cysteinyl-Glycine in blood [pM] 30 23.5, 10.28 40 26.0, 7.33 0.3671 
Glutathione in blood neutrophils 

Monochlorobimane (GSH) in blood 
neutrophils [MFI] 7 53.3, 24.07 13 46.0, 30.84 0.6345 
Flow cytometry analyses in blood neutrophils [MFI] 

CD63 in blood (MFI) 12 1.2, 0.12 16 1.2, 0.37 0.7398 
CXCR1 in blood (MFI) 12 6.0, 3.48 16 7.1, 4.82 0.3650 
CD11b in blood (MFI) 12 9.5, 5.56 16 6.3, 3.85 0.1435 
CD35 in blood (MFI) 12 2.3, 1.15 16 1.8, 0.77 0.2089 
Dihydrorhodamine 123 in blood (MFI) 12 21.6, 22.92 16 16.4, 17.10 0.9445 
CXCR3 in blood (MFI) 9 1.4, 0.40 11 1.3, 0.17 0.6442 
CXCR4 in blood (MFI) 9 1.0, 0.41 11 1.1, 0.37 0.6967 
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Supplemental Table 7. Pre-post differences (between baseline, V2 and after 6 months of 

treatment, V5): parameters in blood 

 

Glutathione Placebo  
N Mean SD N Mean SD p-value* 

Thiols in blood 
Free glutathione [pM] 

25 2.4 9.24 32 0.2 1.11 0.4842 
Total glutathione [pM] 

25 0.2 4.01 32 -0.6 6.94 0.5358 
Free cysteine [pM] 

25 0.5 8.03 32 -0.1 3.57 0.2436 
Total cysteine [pM] 

25 3.5 66.83 32 1.8 39.21 0.7295 
Free glutamyl-cysteine [pM] 

24 -0.0 1.06 31 0.0 1.41 0.7403 
Total glutamyl-cysteine [pM] 

25 0.1 1.92 32 -0.1 1.17 0.9423 
Free homocysteine [pM] 

25 0.0 0.63 31 -0.0 0.22 0.7667 
Total homocysteine [pM] 

25 0.1 4.35 32 0.5 2.64 0.3721 
Free cysteinyl-glycine [pM] 

25 0.4 3.67 32 -0.0 0.85 0.2535 
Total cysteinyl-glycine [pM] 

25 -1.0 10.72 32 -1.5 8.18 0.8281 
Glutathione in blood neutrophils 

Monochlorobimane 
4 2.6 5.11 9 5.5 12.33 0.8170 

 
 

Cont. 
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Cont. Supplemental Table 7 
 
Flow cytometry analyses in blood neutrophils [MFI] 

CD63 
10 0.2 0.89 9 0.0 0.90 0.5118 

CXCR1 
10 1.7 5.05 9 -0.7 7.55 0.4379 

CD11b 
10 -1.7 7.36 9 8.8 15.39 0.1309 

CD35 
10 0.0 1.36 9 1.4 2.85 0.1648 

DHR 
10 2.2 27.84 9 2.6 33.46 0.6534 

CXCR3 
6 0.1 0.10 4 0.4 0.90 1.0000 

CXCR4 
6 -0.2 0.58 4 -0.0 0.35 1.0000 

*p-value according to two-sided Wilcoxon rank sum test 
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Supplemental Figure 1. Lung function, additional analyses. The mean absolute changes of lung function from baseline and expressed 

as % predicted (with the standard errors) are given. The upper row shows FEV1, the middle row FVC, and the lower row FEF25-75 

for all patients, the adults (middle column) and the children (right column). 
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Supplemental Figure 2. Treatment adherence in a subgroup 35 patients. Adherence 

calculated from drug usage assessed by vial count and adherence measured electronically 

by the investigational eFlow nebulizer with monitoring function are given for each 

individual patient (Open circles = placebo, closed circles = glutathione). Upper panel 

correlation analysis, lower panel Bland-Altman plot of the data. 
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