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Background: An oxidant–antioxidant imbalance is considered to be involved in the pathogenesis
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of idiopathic pulmonary ﬁbrosis (IPF). Therefore, administration of antioxidants, such as N-
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acetylcysteine (NAC), may represent a potential treatment option for IPF patients.
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Methods: The aim of this study was to evaluate the effect of inhaled NAC monotherapy on lung
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function and redox balance in patients with IPF. A retrospective observational study was done,
involving 22 patients with untreated early IPF (19 men; mean [7S.D.] age, 71.8 [76.3] y). At
baseline and at 6 and 12 months after initiating inhaled NAC monotherapy, we assessed forced

Keywords:

vital capacity (FVC) and measured the levels of total glutathione, oxidized glutathione (GSSG),

Glutathione
Idiopathic pulmonary ﬁbrosis
N-acetylcysteine

and the ratio of reduced to oxidized glutathione in whole blood (hereafter referred to as the
ratio), and of 8-hydroxy-20 -deoxyguanosine in urine. To evaluate response to treatment, we
deﬁned disease progression as a decrease in FVC of Z5% from baseline and stable disease as a

Redox balance

decrease in FVC of o5%, over a period of 6 months.
Results: Change in FVC in the stable group at 6 and 12 months were 957170 mL and 707120 mL,
while those in the progressive group at 6 and 12 months were 210780 mL, 3207350 mL,
respectively. The serial mean change in GSSG from baseline decreased as the ratio of reduced to
oxidized glutathione increased in patients with stable disease, while it increased as this ratio
decreased in patients with progressive disease. Receiver operating characteristic curve analysis
revealed that a baseline GSSG level of Z1.579 μM was optimal for identifying treatment responders.
Conclusion: Inhaled NAC monotherapy was associated with improved redox imbalance in patients
with early IPF.
& 2015 The Japanese Respiratory Society. Published by Elsevier B.V. All rights reserved.
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1.

Introduction

Idiopathic pulmonary ﬁbrosis (IPF) is a chronic, progressive

2.

Patients and methods

2.1.

Study subjects

lung disease, and no optimal treatment has yet been established that can improve the prognosis of IPF [1]. One hypothesis regarding the pathogenesis of IPF is that an oxidant–
antioxidant imbalance causes repeated epithelial cell injury,
which is followed by pathological ﬁbrotic repair. Reactive
oxygen species (ROS) play a pivotal role in this process [2–4].
Moreover, patients with IPF have been found to have reduced
levels of glutathione (GSH), a major antioxidant in lung, in
epithelial lining ﬂuid, bronchoalveolar lavage (BAL) ﬂuid, and
BAL cells [5–8].
N-acetylcysteine (NAC) is a tripeptide (γ-glutamylcysteinyl-glycine) that functions both as a precursor of glutathione
synthesis and as a powerful direct antioxidant scavenger of
ROS [9,10]. Furthermore, inhibition of transforming growth
factor-β signaling, or its direct modiﬁcation by NAC, may be
beneﬁcial in IPF, the pathogenesis of which is associated with
excessive concentrations of this growth factor [11]. Administration of oral NAC increased intracellular and extracellular
glutathione levels, such as BAL ﬂuid, in patients with pulmonary ﬁbrosis [6,8,12]. In 2005, the IFIGENIA study showed
that IPF patients who received high-dose oral NAC therapy,
combined with prednisone and azathioprine, had less reduction in vital capacity and carbon monoxide diffusing capacity
(DLco) at 12 months than those receiving standard therapy
involving prednisone and azathioprine [13]. However, in
Japan, NAC is only available in liquid form for aerosol
administration and has been used as a mucolytic agent, with
few adverse effects. In 2012, a multicenter, prospective,
randomized controlled trial showed that inhaled NAC monotherapy had beneﬁcial effects for some patients with early IPF
[14]. Recently, the PANTHER trial in the US could not demonstrate the effectiveness of orally administered NAC monotherapy [15]. Thus, the effectiveness of NAC inhalation is still
disputed, and further study assessing different delivery
methods of NAC is required. At present, it is unclear whether
a subset of patients with IPF, with a higher burden of
oxidative stress, may beneﬁt from NAC monotherapy [16].
To date, no studies have investigated whether inhaled
NAC monotherapy improved the systemic oxidant–antioxidant imbalance in patients with IPF. Thus, in this study, we
assessed the correlation between the efﬁcacy of inhaled NAC
monotherapy on lung function and oxidant–antioxidant status of patients with IPF. Because of the possible increased risk
of acute exacerbation of IPF after diagnostic BAL procedures
[17], we sampled whole blood and urine to measure the status
of redox balance in IPF patients.

Between July 2007 and September 2010, we performed a retrospective observational study on 22 patients with untreated
early IPF (19 men; mean [7S.D.] age, 71.8 [76.3] y). In Japan,
classiﬁcation of the disease severity of IPF (stages I–IV) has been
used to guide decisions on subsidization of medical care. These
stages are deﬁned as follows: stage I (PaO2 Z80 Torr at rest),
stage II (PaO2 70–80 Torr at rest), stage III (PaO2 60–70 Torr at
rest), and stage IV (PaO2o60 Torr at rest). If patients with stage
II or III experience desaturation during the 6-min walk test
(6MWT), they are classiﬁed as stage III or IV, respectively [18].
Among 26 consecutive IPF patients with Japanese Respiratory Society stage I or II disease, 22 consenting patients were
treated with inhaled NAC monotherapy. IPF was diagnosed
according to the American Thoracic Society/European
Respiratory Society Consensus Statement and the guidelines
of the Fourth Edition of the Japanese Clinical Diagnostic
Criteria for Idiopathic Interstitial Pneumonia [19,20]. The
exclusion criteria were (i) improvement in symptoms during
the preceding 3 months, (ii) use of prednisone, immunosuppressive therapy, or pirfenidone, and (iii) clinical evidence of
collagen vascular disease or idiopathic interstitial pneumonia
other than IPF.

2.2.

Study protocol

Before treatment, all patients underwent pulmonary function
tests, a 6-min walk distance (6MWD) test, analysis of serum
markers of pneumocyte injury (Krebs von den Lungen-6 [KL6] and surfactant protein D), and analysis of partial arterial
oxygen concentration at rest. In addition, samples of peripheral whole blood and urine from all patients were examined
to determine baseline levels of glutathione and 8-hydroxy-20 deoxyguanosine (8-OHdG). All patients underwent treatment
with inhaled NAC alone for 12 months via an ultrasonic
nebulizer (NE-U07, Omron, Kyoto, Japan) during the study
period. Ultrasonic nebulizers produce aerosol particles with a
diameter of 1–8 μm. Patients inhaled 352.4 mg of NAC dissolved in saline, in a total volume of 6 mL, twice a day, based
on the method used in the study of inhaled NAC monotherapy that had previously demonstrated beneﬁcial effects in
some patients with early stage IPF [14].
To evaluate the clinical response to inhaled NAC monotherapy, forced vital capacity (FVC) was measured in all
patients at baseline, and at 6 and 12 months after treatment.
Recently, Zappala et al. [21] reported that a marginal decline
in FVC of 5–10% at 6 months was associated with poor
prognosis in patients with IPF. We deﬁned disease progression as a decrease in FVC ofZ5% from baseline to 6 months
after the treatment, and stable disease as a decrease in FVC of
o5%. Thus, patients were divided into two groups according

n
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Fig. 1 – Study ﬂow diagram. cIPF: clinical idiopathic pulmonary ﬁbrosis; NAC: N-acetylcysteine; pIPF: pathological idiopathic
pulmonary ﬁbrosis.

to treatment response; absolute change in FVC was compared
between groups at 6 and 12 months. To evaluate the biological response, glutathione levels in whole blood and 8-OHdG
levels in urine were measured for all patients, using samples
collected at baseline and at 6 and 12 months after the start of
therapy. First, the absolute change in FVC from baseline to
6 and 12 months was evaluated. Second, changes in parameters indicative of redox balance in whole blood and urine
were evaluated. Finally, we analyzed the correlations
between changes in FVC and redox balance during the 12
months of inhaled NAC therapy.
The study protocol was approved by the local ethics
committee of Toho University (approval no. 21-15; approval
date: June 2, 2009). All patients gave informed consent for
participation in this study and were free to withdraw at
any time.

2.3.
Measurement of levels of glutathione in whole blood
and 8-OHdG in urine
Blood samples were collected in 9-mL tubes containing EDTA
as an anticoagulant. Spot urine samples were centrifuged at
3000 rpm for 10 min and were stored frozen at  80 1C until
analysis. Total glutathione (tGSH; i.e., reduced glutathione plus
oxidized glutathione) and oxidized glutathione (GSSG) were
measured by using a Bioxytech GSH/GSSG-412 assay kit (Oxis
Health Products, Portland, OR, USA) according to the manufacturer's instructions. In brief, this method uses 5.50 -dithiobis-2-nitrobenzoic acid (DTNB), which reacts with GSH to form
a spectrophotometrically detectable product at 412 nm. GSSG
is recycled into GSH by glutathione reductase (GR), requiring
nicotinamide adenine dinucleotide phosphate (NADPH). This
assay kit uses the thiol-scavenging reagent 1-methyl-2vinylpyridinium triﬂuoromethanesulfonate (M2VP) at a concentration that rapidly scavenges GSH, but does not interfere
with the GR assay. The ratio was calculated as follows:
(GSH – 2*GSSG)/GSSG [22].
8-OHdG was determined by using a competitive ELISA
(New 8-OHdG Check; Japan Institute for the Control of Aging,

Shizuoka, Japan). The speciﬁcity of the monoclonal antibody
N45.1 used in the competitive ELISA was previously conﬁrmed [23]. Urinary 8-OHdG is expressed as the ratio of
urinary 8-OHdG to creatinine [23].

2.4.

Normal controls for redox markers

The control group (n¼ 29) for redox markers consisted of
healthy volunteers; i.e., adults without any self-reported
disease, who underwent a medical examination. They were
aged 65 years or older (2 men, 27 women; mean [7S.D.] age,
74.6 [74.9] y). Written informed consent was obtained from
all members of the control group, and the protocol was
approved by the local ethics committee.

2.5.

Statistical analysis

All data are presented as mean7S.D. We used the Mann–
Whitney U-test, Wilcoxon signed rank test, and Fisher's exact
test, where appropriate. One-way analysis of variance
(ANOVA) was used to compare mean changes in the values
of the 2 groups from baseline to 6 or 12 months. Correlations
were calculated using Spearman correlation coefﬁcients. A P
value of o0.05 was considered to indicate statistical
signiﬁcance.

3.

Results

3.1.

Selection of eligible patients

The study ﬂow diagram is shown in Fig. 1. Among the 22
patients (clinical IPF, 21; pathological IPF, 1; stage I, 19; stage
II, 3), 16 had stable disease and 6 had progressive disease at
6 months after the start of inhaled NAC therapy. Among
patients with stable disease, 14 were able to continue therapy
for 12 months and 2 were excluded from analysis at 12
months due to the presence of other illnesses (lung cancer
in 1 and aspiration pneumonia in 1). Among patients with
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Table 1 – Baseline characteristics of patients by disease status.

Age (years)
Sex (male/female)
Smoking status (current/former/never)
Smoking index
Diagnosis (clinical/pathological)
Disease severity (I/II)
PaO2 (Torr)
PaCO2 (Torr)
VC (L) (% predicted)
FVC (L) (% predicted)
TLC (L) (% predicted)
DLCO (ml min  1 mm Hg  1) (% predicted)
KL-6 (U/mL)
SP-D (ng/mL)
Lowest SpO2 (6MWT) ( r 90%/90%)

Stable disease (n ¼ 16)

Progressive disease (n ¼ 6)

P value

71.976.9
13/3
0/15/1
5847348
14/2
14/2
85.678.0
40.672.88
2.8070.84
2.7870.86
4.1971.09
9.9173.14
9367522
2027118
13/3

71.574.9
6/0
0/6/0
9637604
6/0
5/1
84.378.6
40.072.60
2.6270.66
2.5970.67
3.7070.96
9.3773.05
7307310
2747158
5/1

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

(90.5719.3)
(90.5719.3)
(83.4716.0)
(60.7719.4)

(80.0718.8)
(79.0719.2)
(76.4717.6)
(53.1716.8)

Data are mean7SEM. 6MWT: 6-min walk test; VC: vital capacity; DLCO: carbon monoxide diffusing capacity; %DLCO: percentage of predicted
carbon monoxide diffusing capacity; FVC: forced vital capacity; %FVC: percentage of predicted forced vital capacity; TLC: total lung capacity; %
TLC: percentage of predicted total lung capacity; %VC: percentage of predicted vital capacity.

Fig. 2 – Mean change in forced vital capacity (FVC) at 6 and 12 months. ANCOVA showed decreases of 70 mL and 320 mL in
patients with stable and progressive disease, respectively (P ¼0.0002).

progressive disease, 1 was excluded from analysis at
6 months due to exacerbation of IPF (Fig. 1).

3.2.

Characteristics of patients

The baseline characteristics of the patients are shown in
Table 1. There were no signiﬁcant differences in clinical
characteristics or demographic variables between patients
with stable and progressive disease.

3.3.
DLco

Effect of inhaled NAC monotherapy on FVC, TLC, and

Change in FVC in the stable group at the time points of 6 and
12 months were 957170 mL and  707120 mL, respectively,
and those in the progressive group were 210780 mL and
3207350 mL, respectively (Fig. 2). Regarding other pulmonary function parameters, changes in TLC in the stable group
at 6 and 12 months were 507290 mL and 2807800 mL,
respectively, and those in the progressive group were
1407350 mL and 2807190 mL, respectively. The changes
in %DLco in the stable group at 6 and 12 months were
1.4712.0% and 0.67713.2%, respectively, and those in the
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Table 2 – The values of pulmonary function parameters before and 6 months after inhaled NAC monotherapy.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Effect

FVC before and %FVC before and
6 mo after NAC 6 mo after NAC
therapy (L)
therapy (%)

TLC before and %TLC before and
6 mo after NAC 6 mo after NAC
therapy (L)
therapy (%)

DLco before and 6 mo after
NAC therapy
(ml min  1 mmHg  1)

%DLco before
and 6 mo after
NAC therapy (%)

Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Progressive
Progressive
Progressive
Progressive
Progressive
Progressive

3.7/3.66
2.14/2.55
1.94/1.89
4.4/4.66
2.4/2.56
1.27/1.27
2.11/2.19
2.51/2.43
3/3.12
4.13/4.29
2.09/2.04
2.36/2.52
3.36/3.23
3.13/3.13
3.51/3.56
2.52/2.95
2.7/2.5
1.28/1.18
2.73/2.41
2.66/2.51
2.91/2.68
3.24/2.98

5.2/5.39
3.78/3.93
2.88/3.04
6.49/7.03
3.54/3.36
2.37/2.4
3.34/3.55
4.42/3.71
4.64/4.42
5.71/6.22
3.17/3.17
3.59/3.69
4.18/4.32
4.44/4.25
5.31/5.31
4/4.09
2.91/2.8
2.37/2.31
4.32/4.61
3.71/3.6
3.84/3.77
5.06/4.27

16.51/15.68
13.8/11.74
8.41/7.98
7.95/10.84
14.9/11.41
4.11/3.67
8.66/8.13
10.23/8.74
7.58/8.53
9.41/12.21
9.75/12.33
10.05/12.82
6.16/5.93
11.31/10.45
9.1/10.52
10.61/12.7
9.44/8.83
4.08/4.72
7.75/5.38
11.43/11.79
11.36/9.86
12.16/10.27

71.4/63.7
78.3/70.8
54.7/52.1
42.5/60.6
98.7/74.6
28.9/21.6
68.9/66.7
61.1/52.5
39.2/43.9
52.4/68.6
58.3/66.3
61.6/78.6
31.2/30.2
69.9/63.9
64.1/73.3
89.5/105.9
59/54.6
20.7/24.3
52.5/41.5
56/56.7
68.3/59.8
62/52.2

96.4/95.6
68.4/82.3
81.9/80.1
128.7/137.1
78.7/84.2
60.2/65.5
100.5/105.3
78/75.7
89/93.1
127.5/133.2
63.9/62.8
73.5/78.5
93.9/90.5
97.2/96.9
114/115.2
88.4/90.9
83.6/77.2
41.4/38.6
84.5/75.5
78.5/74
92.1/84.8
93.6/86.6

87.4/90.7
72.7/75.9
75.6/80
117.1/127.4
70.4/67.1
64.4/70.4
94.1/100.6
85.5/72
85/81
107.9/118
59.1/59.5
68.6/70.6
74.6/77.1
85.9/82
102.9/102.7
82.5/84.3
95.1/90.2
46.6/45.6
80.9/86.8
69.1/66.9
74.6/56.8
91.8/77.6

Fig. 3 – (a) Total glutathione (tGSH) concentration in whole blood from healthy controls and patients with IPF. Data represent
mean7S.D. nPo0.05 (b) Ratio of reduced to oxidized glutathione (ratio) concentration in whole blood from healthy controls and
patients with IPF. Data represent mean7S.D. nPo0.05 (c) Oxidized glutathione (GSSG) concentration in whole blood from
healthy controls and patients with IPF. Data represent mean7S.D. nPo0.05.

progressive group were 4.976.0% and 4.977.1%, respectively. The actual values of pulmonary function parameters
before and after 6 months of inhaled NAC monotherapy are
shown in Table 2.

3.4.

the healthy controls (tGSH: 837799.7 μM vs. 9487134 μM,
Po0.001; ratio: 5867175 vs. 8297320, Po0.001; Fig. 3A, 3B).
Furthermore, the baseline GSSG level in IPF patients was
signiﬁcantly higher than in the healthy controls
(1.5170.37 μM vs. 1.2770.45 μM, Po0.05; Fig. 3C).

Redox markers

3.4.1. Blood glutathione levels in IPF patients and healthy
controls
The baseline tGSH level and ratio in whole blood from IPF
patients before NAC therapy were signiﬁcantly lower than in

3.4.2. Effect of NAC on FVC and redox balance in patients
with stable and progressive disease
Mean changes in tGSH among patients with stable and progressive disease were 7.07139.4 μM and 44.27168.8 μM, respectively, at 6 months, and 31.87119.1 μM and 32.5778.4 μM,
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Fig. 4 – (a) Serial mean change of total glutathione (tGSH) concentration in whole blood from patients with stable and
progressive disease. Data represent mean7S.D. (b) Serial mean change of oxidized glutathione (GSSG) concentration in whole
blood from patients with stable and progressive disease. Data represent mean7S.D. (P ¼ 0.03). (c) Serial mean change of ratio
of reduced to oxidized glutathione (ratio) in whole blood from patients with stable and progressive disease. Data represent
mean7S.D. (P ¼0.67). (d) Serial mean change of 8-OHdG concentration in urine from patients with stable and progressive
disease. Data represent mean7S.D. (P ¼0.07).

respectively, at 12 months. The differences were not signiﬁcant
(Fig. 4A). The baseline level of GSSG was signiﬁcantly higher in
patients with stable disease than in those with progressive
disease (1.6270.37 μM vs. 1.2470.15 μM, P¼0.0038). Mean
change in GSSG was  0.2870.43 μM and 0.6670.65 μM at
6 months, respectively, and 0.2070.57 μM and 0.2170.43 μM
at 12 months, among patients with stable and progressive
disease, respectively; these differences were signiﬁcant
(P¼0.0267; Fig. 4B). In addition, the baseline ratio was signiﬁcantly lower among patients with stable disease than among
those with progressive disease (5577195 vs., 662768,
P¼ 0.0038). The mean change in this ratio was 132.87298.9 at
6 months and 120.47338.8 at 12 months among patients with
stable disease and  158.37162.6 at 6 months and
80.17159.2 at 12 months among patients with progressive
disease (Fig. 4C). The mean change in 8-OHdG was 2.0712.1 ng/
mg Cre at 6 months and  2.374.7 ng/mg Cre at 12 months

among patients with stable disease, and 0.976.3 ng/mg Cre
at 6 months and 14.0734.9 ng/mg Cre at 12 months among
patients with progressive disease (Fig. 4D).
Furthermore, we analyzed the correlations between mean
changes in levels of oxidative stress markers and FVC (Fig. 5).
There was a signiﬁcant inverse correlation between the
change in GSSG and the change in FVC (P¼ 0.006; Fig. 5B)
and a signiﬁcant positive correlation between the change in
ratio of reduced to oxidized glutathione and the change in
FVC (P ¼0.009; Fig. 5C). On the other hand, there was no
signiﬁcant correlation between the change in tGSH or the
change in GSSG and the change in 8OHdG (P ¼0.16, P¼ 0.43,
respectively). In addition, analysis of ROC curves indicated
that a baseline GSSG level of Z1.579 μM yielded the best
sensitivity and speciﬁcity (69%, 100%, respectively) for differentiating stable disease from progressive disease (Fig. 6).
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Fig. 5 – (a) Correlation between change in total glutathione (tGSH) and forced vital capacity (FVC) at 6 months in IPF patients
(n ¼22; P¼ 0.79). (b) Correlation between change in oxidized glutathione (GSSG) and FVC at 6 months in IPF patients (n ¼22;
P¼ 0.006, r ¼  0.59). (c) Correlation between change in ratio of reduced to oxidized glutathione (ratio) and FVC at 6 months in
IPF patients (n ¼22; P ¼0.009, r ¼0.57). (d) Correlation between change in 8-OHdG and FVC at 6 months in IPF patients (n ¼ 22;
P¼ 0.622). Closed circles: patients with stable disease; open circles: patients with progressive disease.

3.5.

Safety

During the study, some adverse events occurred, such as
cough, which occurred in 12 of 22 patients, and discomfort of
the pharynx, which occurred in 3. However, the severity
grade of these adverse events was mild in all patients, and
all patients were able to continue inhaled NAC therapy
during the study period.

4.

Discussion

In this study, we found a positive correlation between the
clinical efﬁcacy of inhaled NAC monotherapy and redox
imbalance in IPF patients. In addition, serial mean change
in GSSG level from baseline decreased as the ratio increased

in patients with stable disease, and increased as that ratio
decreased in patients with progressive disease. We also
found a signiﬁcant inverse correlation between mean change
in GSSG level and FVC and a positive correlation between
mean changes in the ratio and FVC. Furthermore, patients
with stable disease had a signiﬁcantly higher baseline GSSG
and a lower ratio than did patients with progressive disease.
Our results suggest that patients with higher oxidative stress
may be good responders to inhaled NAC therapy, as the
glutathione replenished by NAC inhalation can reverse an
oxidant–antioxidant imbalance in IPF patients, as previously
reported [24].
The clinical efﬁcacy of inhaled NAC monotherapy has only
been studied in Japan. Although there have been no signiﬁcant ﬁndings relating to survival or maintenance of vital
capacity and carbon monoxide diffusing capacity, inhaled
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Fig. 6 – Receiver operating characteristic curve analysis of
oxidative stress (baseline values) for stable disease.
NAC monotherapy was shown to suppress the reduction in
SpO2 after a 6MWT, and improved serum KL-6 levels and the
extent of ground-glass opacities on computed tomography
[25,26]. Homma et al. [14] assessed the efﬁcacy of inhaled
NAC monotherapy in patients with early IPF and found that
FVC remained stable in some patients treated with inhaled
NAC, without the use of immunosuppressive or antiﬁbrotic
agents.
This is the ﬁrst study to investigate whether inhaled NAC
monotherapy improves redox balance in IPF patients. The
present study used safe, noninvasive techniques, i.e., sampling of whole blood and urine, to assess the utility of
measuring redox markers. Regarding glutathione levels in
the whole blood of patients with IPF, Teramoto et al. [27]
reported that the ratio of GSSG to tGSH (GSSG/tGSH) increased
signiﬁcantly among patients with IPF as compared with
normal subjects. Furthermore, they found a signiﬁcant positive correlation between the ratio of GSSG/tGSH and ROS
production in whole blood. In our study, levels of tGSH and
GSSG and the ratio of reduced to oxidized glutathione in
whole blood signiﬁcantly differed between healthy subjects
and IPF patients. Our results are consistent with the ﬁndings
of previous studies, which noted glutathione deﬁciencies in
epithelial lining ﬂuid and BAL ﬂuid from IPF patients [5–8].
A previous study of the effect of inhaled glutathione on
redox balance in IPF was found that tGSH rose transiently
with decreasing spontaneous superoxide anion release by
alveolar macrophages [24]. The authors concluded that glutathione aerosol might reverse an oxidant–antioxidant imbalance in IPF patients. In addition, Buhl et al. [28] reported that
aerosol administration of glutathione was more efﬁcient than
intravenous administration in augmenting GSH levels in
epithelial lining ﬂuid. In terms of serial change values of
redox marker and FVC, we demonstrated that there was a
signiﬁcant inverse correlation between the serial change in
GSSG and FVC, as well as a positive correlation between the
serial change in Ratio and FVC. As a result, our ﬁnding

showed that the decline in FVC correlated with redox imbalance in peripheral blood is of considerable interest.
8-OHdG is a good marker of ROS-mediated DNA modiﬁcation [29–31]. However, there was no correlation between the
change in urinary 8-OHdG concentration and the change in
blood tGSH or GSSG concentration. We think that this is why
urinary 8-OHdG concentration reﬂects systemic oxidative
stress, whereas blood tGSH and GSSG concentrations respectively reﬂect a major antioxidant and oxidized glutathione in
the lung. Moreover, Miwa et al. [32] reported that interindividual variation of 8-OHdG in daytime spot urine was relatively high. We assayed 8-OHdG level in spot urine samples
that were collected at various times of the day and found no
correlation with change in FVC. Therefore, further studies,
using 24-h pooled urine or morning spot urine, are required
to assess the relation between the change in 8-OHdG level
and FVC.
The present study has several limitations. Firstly, this
study was not placebo-controlled and included a relatively
small number of patients. Therefore, randomized clinical trial
studies of larger series are needed to conﬁrm our results in
future. Secondly, there was a signiﬁcant difference in the sex
distribution between IPF patients and the healthy control
group. However, blood tGSH and reduced GSH concentration
were not affected by sex or age in healthy adults [33]. Thirdly,
we did not examine the redox balance in the lung, such as in
BAL ﬂuid, but rather did so in the blood. Due to the possibility
of acute exacerbation of IPF after BAL procedures [17], and
because it was easier to collect blood and urine than BAL ﬂuid
from patients, we used whole blood and urine to measure the
status of redox balance in this study. Finally, further trials are
needed to determine whether inhaled NAC therapy alone is
responsible for this effect, because some IPF patients can
remain naturally stable without treatments. However,
Homma et al. reported that the percentage of patients with
a 410% decline in FVC was lower, and the percentage of
patients with a o10% decline in FVC was greater in the
inhaled NAC monotherapy group than in the control group.
Consequently, we believe that inhaled NAC monotherapy
may reduce the decline in FVC.

5.

Conclusions

In conclusion, the present ﬁndings suggest that the clinical
efﬁcacy of inhaled NAC monotherapy in IPF is associated
with improved redox imbalance. Moreover, baseline GSSG
levels may predict the efﬁcacy of inhaled NAC for IPF. The
present ﬁndings show that early therapeutic intervention
with a GSH precursor may delay IPF progression, especially
in patients with high pretreatment GSSG levels in whole
blood. Inhaled NAC monotherapy should thus be considered
as a therapy for IPF.
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