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Oxidative stress, the total sum of molecular and cellular processes that result from excess oxidant
production and antioxidant depletion, has long been implicated in the pathogenesis of idiopathic
pulmonary fibrosis (IPF) [1, 2]. Bronchoalveolar lavage fluid from patients with IPF exhibits enhanced
oxidative activity, and high levels of the oxidants hydrogen peroxide, superoxide and hydroxyl radicals
induce injury to alveolar epithelial cells [3]. At the same time, glutathione levels are depleted in the lower
respiratory tract of IPF patients compared to healthy subjects and correlate with disease severity [4, 5].
Excess production of reactive oxygen species in IPF occurs in activated inflammatory and alveolar
epithelial cells through induction of NADPH oxidase, endoplasmic reticulum stress and uncoupling of the
mitochondrial electron transport chain [2]. Exogenous oxidants from cigarette smoke, occupational
exposure, air pollution and others further augment the oxidant burden in the lungs of people genetically
predisposed to IPF [1]. Increased oxidative stress leads to DNA damage, alveolar epithelial cell apoptosis,
release of pro-fibrotic cytokines and activation of matrix metalloproteinases, promoting myofibroblast
proliferation and extracellular matrix remodelling (figure 1). Transforming growth factor β inhibits
glutathione synthesis in a positive feedback loop, leading to ongoing cellular damage.

N-Acetylcysteine (NAC) is a tri-peptide glutathione precursor with antioxidant and antifibrotic properties. NAC
administration can replenish endogenous glutathione stores and help restore oxidant–antioxidant imbalance in
the lungs. In vitro studies have demonstrated antifibrotic effects of glutathione on lung fibroblasts [6]. Treatment
with oral NAC (600 mg three times daily) has been shown to effectively increase levels of glutathione levels in
bronchoalveolar lavage fluid in patients with IPF, and to reduce methionine sulfoxide levels, a marker of
oxidative stress. These changes were associated with short-term increases in lung function [7].

A number of clinical trials have examined the efficacy of NAC for the treatment of IPF, with somewhat
conflicting results. In 2005, the IFIGENIA study compared the effectiveness of oral NAC (600 mg three
times daily) added to standard therapy, which at the time was prednisone and azathioprine, among 182
patients with IPF [8]. At 12 months, those taking NAC had a slower rate of decline in vital capacity and
diffusing capacity of the lung for carbon monoxide compared to the standard of care. This led to a larger,
double blind, randomised, placebo-controlled clinical trial, PANTHER-IPF, which demonstrated no
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FIGURE 1 Oxidative stress and therapeutic strategy with N-acetylcysteine (NAC) for idiopathic pulmonary
fibrosis. Oxidative stress is the result of excess oxidant production and antioxidant depletion. In the
genetically predisposed host, increased production of reactive oxygen species (ROS) occurs from both
exogenous sources (environmental exposures to cigarette smoke, air pollution, occupational exposures,
radiation, drugs and others) and endogenous sources (induction of NADPH oxidase, endoplasmic reticulum
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significant difference in the change in forced vital capacity (FVC) at 60 weeks among IPF patients taking
oral NAC compared to placebo [9]. The two groups also had similar rates of death and acute exacerbations
of IPF. Shortly thereafter came the PANORAMA study, which compared the safety and tolerability of oral
NAC added to pirfenidone, and examined exploratory efficacy endpoints among 123 patients with IPF [10].
The study found similar overall rate of adverse events in the two groups, although photosensitivity was
more common in the NAC arm. In exploratory analyses, the rate of FVC decline over 6 months was higher
in the NAC arm than in the placebo arm. While the addition of NAC to pirfenidone did not adversely
affect the tolerability of pirfenidone, the authors did not think that treatment with oral NAC was beneficial
for patients with IPF. However, the results of the PANORAMA trial must be interpreted with caution given
the small sample size and exploratory nature of the efficacy analyses in a phase 2 study design [11].

In this issue of the European Respiratory Journal, SAKAMOTO et al. [12] report on the efficacy and safety of
inhaled NAC added to pirfenidone in a multicentre trial of 70 patients from Japan. Here, patients with IPF
treated with pirfenidone were randomised to receive twice-daily inhaled NAC in an open-label fashion.
The study enrolled 81 patients out of a planned 150, and an additional 11 participants (seven in the NAC
plus pirfenidone arm and four in the pirfenidone alone arm) did not complete treatment and were
excluded from data analysis. The authors found a statistically significant difference in the rate of FVC
decline over 48 weeks between the two arms, with a greater rate of FVC decline among participants
receiving inhaled NAC treatment than those receiving pirfenidone alone. There was no difference in key
secondary outcomes between the two groups, including progression-free survival (composite outcome of
10% FVC decline, development of acute exacerbation, or death). There was also no difference in the
incidence of adverse events or severe adverse events. There were three deaths in the pirfenidone alone
group and one in the NAC plus pirfenidone group.

In essence, the findings by SAKAMOTO et al. [12] suggest no benefit in adding inhaled NAC to pirfenidone
in this population of Japanese patients with IPF. Given these findings, the negative results of
PANTHER-IPF, and the suggested negative results of the PANORAMA trial, is this the nail in the coffin
for NAC treatment of IPF?

The results in the study by SAKAMOTO et al. [12] are subject to several major limitations. First, the
open-label study design introduces the potential for bias. Second, the sample size was small and because of
slow enrolment and dropout, the study enrolled less than 50% of the intended patients for the trial. Third,
the use of FVC decline as a primary outcome is subject to missing data, patient effort and quality
limitations, which is particularly relevant if patients are too ill to perform the manoeuvre or have died over
the course of the study. This is especially problematic in a small study where the intervention is inhaled
NAC, an expectorant, known mucolytic and cough-inducing agent, the use of which may affect patients’
ability to perform a good quality FVC manoeuvre. The finding of no difference in the secondary outcome
of progression-free survival, with Kaplan–Meier curves that essentially overlap, supports the primary
finding of no clinical benefit for NAC and pirfenidone in this study, but also argues against harmful
effects of the combination treatment on clinical outcomes. Above all, the study was conducted in Japanese
patients and thus cannot be extrapolated to IPF patients of Caucasoid origin and other races. Thus, the
results reported should be interpreted with caution.

Despite compelling early clinical data on the benefit of NAC in IPF, mediated through restored glutathione
stores and improvements in the oxidant–antioxidant imbalance of the lower respiratory tract, randomised
controlled trials so far have failed to provide evidence that oral or inhaled NAC treatment achieves
measurable improvements in FVC decline as a clinical outcome in patients with IPF. However, an analysis
of the efficacy of NAC compared to placebo in the PANTHER-IPF trial suggests that shifting patterns in
participant enrolment over the course of the study may have influenced the observed results [9]. A
subsequent post hoc analysis revealed that a polymorphism in the gene encoding toll-interacting protein
(TOLLIP; rs3750920) modifies the treatment effect of NAC [13]. Among IPF patients with the TT
genotype, treatment with oral NAC was associated with a reduced risk of the composite endpoint of death,
lung transplantation, hospitalisation or 10% FVC decline. On the other hand, among IPF patients with the
CC genotype, there was a trend toward harm with oral NAC treatment. Interestingly, the frequency of the

stress and uncoupling of the mitochondrial electron transport chain in inflammatory cells and alveolar
epithelial cells). Increased ROS induces alveolar epithelial cell apoptosis, influx of inflammatory cells,
activation of matrix metalloproteinases and release of pro-fibrotic cytokines (transforming growth factor β
(TGFβ), platelet-derived growth factor (PDGF), interleukin 1β (IL1β)). These in turn promote fibroblast
proliferation and differentiation into myofibroblasts, extracellular matrix remodelling and deposition. TGFβ
and activated fibroblasts can inhibit glutathione synthesis and lead to further increase in oxidants. NAC
replenishes endogenous glutathione, scavenges free radicals, and inhibits the TGFβ-mediated fibroblast
activation and extracellular matrix deposition. MMP: matrix metalloprotease; ECM: extracellular matrix.
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CC genotype is much higher in patients of Japanese origin and in Japan, where SAKAMOTO et al. [12]
conducted their study, and the frequency of the TT genotype is very low; the TT genotype was found in
less than 5% of IPF patients, while the CC genotype was present in over 80% [14]. This is in contrast to
the PANTHER-IPF, INSPIRE and University of Chicago cohorts, as reported by OLDHAM et al. [13], where
the frequency of the TT genotype was about 25%. Thus, as the authors point out, the lack of observed
benefit from the addition of inhaled NAC to pirfenidone may be explained by this difference in genotype
frequency. Unfortunately, samples for genotype analysis were not collected in either the PANORAMA or
SAKAMOTO et al. [12] studies, missing an opportunity to test this hypothesis. However, the collective
findings from trials with NAC in patients with IPF, and the subgroup analysis of patients with TT
genotype enrolled in PANTHER-IPF, warrant a definitive trial that incorporates pharmacogenomics and
employs a treatment strategy based on TOLLIP TT genotype.

Over the past 25 years, major advances in the treatment of IPF have been made and important lessons have
been learnt from patients who participated in several large multicentre clinical trials [15]. However, there is
a continued need for new, safe and efficacious therapies that improve outcomes that are meaningful to
patients with IPF, while minimising harm. Oral NAC is well tolerated, inexpensive and has biologically
plausible antioxidant and antifibrotic effects that may be beneficial in a subgroup of patients with IPF. It is
prudent to shift the paradigm of treatment strategy for patients with IPF to pharmacogenomics, and with
the evolved knowledge about NAC, to pursue a study of the efficacy and safety of NAC in the cohorts of
patients most likely to benefit from it. The finding of drug–gene interaction for NAC presents an
opportunity to develop a precision-guided approach to the treatment of IPF. Indeed, a multicentre,
randomised, double blind, placebo-controlled trial of oral NAC in addition to the current standard of care
among IPF patients with the TOLLIP rs3750920 TT genotype is planned (ClinicalTrials.gov NCT04300920)
and the successful outcome of the first pharmacogenomic trial, PRECISIONS, is eagerly awaited.
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