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Abstract
Tissue fibrosis is believed to be a manifestation of dysregulated repair following injury, in association
with impaired reepithelialization, and aberrant myofibroblast activation and proliferation. Numerous
pathways have been linked to the pathogenesis of fibrotic lung disease, including the death receptor
Fas, which contributes to apoptosis of lung epithelial cells. A redox imbalance also has been
implicated in disease pathogenesis, although mechanistic details whereby oxidative changes intersect
with profibrotic signaling pathways remain elusive. Oxidation of cysteines in proteins, such as S-
glutathionylation (PSSG), is known to act as a regulatory event that affects protein function. This
manuscript will discuss evidence that S-glutathionylation regulates death receptor induced apoptosis,
and the potential implications for cysteine oxidations in the pathogenesis of in fibrotic lung disease.
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A role for oxidants in pulmonary injury and fibrosis
A number of inhaled agents that include hyperoxia, mineral dust, cigarette smoke, radiation,
etc. cause acute injury, and subsequent interstitial fibrotic reactions.1 These agents are all well
known to cause oxidative stress, highlighting the possibility that changes in the oxidative
environment may contribute to chronic remodeling of the lung and tissue fibrosis.1 Oxidants,
such as superoxide, hydrogen peroxide (H2O2), and nitric oxide are generated by NADPH
oxidases and nitric oxide synthases, respectively, and can give rise to other more damaging
species, such as the hydroxyl radical, hypochlorous acid, and nitrogen dioxide. Although it is
well established that the aforementioned environmental agents, and inflammatory cells are
responsible for the excessive production of these oxidant species, the concept that mild
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oxidants, produced by structural cells of the lung, can function as signaling molecules has
emerged more recently.2

Protection from oxidative damage, or oxidations is achieved by an extensive battery of classical
antioxidant enzymes (catalase, glutathione peroxidase, superoxide dismutases), complemented
with nonenzymatic factors (urate, vitamins, glutathione), metal-binding proteins
(metallothioneine, others), and enzymes involved in glutathione homeostasis. In addition, other
enzyme systems that also regulate the redox homeostasis were relatively recently identified
and include peroxiredoxins, sulfiredoxins, thioredoxins, and glutaredoxins (Grxs).1,2 It is of
relevance to note that a number of these enzymes are regulated by a redox-sensitive
transcription factor, Nrf2. Intriguingly, mice lacking Nrf2 are more sensitive to the
development of bleomycin-induced fibrosis.3 Similarly, mice that lack the antioxidant enzyme,
extracellular superoxide dismutase also had enhanced collagen deposition in their lungs after
exposure to asbestos,4 while on the other hand, administration of the glutathione precursor and
antioxidant, N-Acetyl-L-cysteine protects against bleomycin-induced fibrosis,5 highlighting
the causal involvement of oxidative imbalances in the process of fibrogenesis. It was recently
demonstrated that the profibrotic cytokine transforming growth factor-beta (TGF-β), induces
activation of the nonphagocytic oxidase-4 (NOX4), and that the resulting production of
H2O2 was important in causing differentiation of myofibroblasts, extracellular matrix
production, and contractility. Importantly, genetic or pharmacologic inhibition of NOX4-
attenuated collagen deposition in two independent models of fibrosis, highlighting the
functional importance of NOX4-derived H2O2 in fibrogenesis.6 These experimental findings
are corroborated by an increase in multiple parameters of oxidative stress in samples from
patients with idiopathic pulmonary fibrosis (IPF).7 Furthermore, other studies have
demonstrated that antioxidant enzymes are lowered in fibrotic lesions of IPF lungs, while
elevations are present in areas of epithelial regeneration (reviewed in Ref. 1), suggesting that
the lowered antioxidant complement within the fibrotic areas many contribute to the
remodeling process. Levels of GSH are decreased in epithelial lining fluid from patients with
IPF. It is of significance to note that antioxidant therapies have been suggested for patients
with IPF, and a recent clinical trial of the IFI-GENIA study group that involved administration
of the GSH precursor N-Acetyl-L-cysteine has shown some clinical efficacy in terms of
preserving vital capacity and single-breath carbon monoxide diffusing capacity at 6 and 12
months.8

S-glutathionylation and glutaredoxin: a newly recognized module in redox
signaling

In contrast to their role in causing injury, a role of oxidants as signaling molecules and response
modifiers also has emerged and the importance of H2O2 herein is becoming apparent. Indeed,
stimulation of growth factor receptors, toll-like receptors (TLRs), and cytokine receptors, leads
to the activation of signaling cascades that are regulated by H2O2 as a result of activation of
nonphagocytic oxidases, or dual oxidase (DUOX).9 The expression of multiple isoforms of
these enzymes in tissues provides evidence that the deliberate production of low levels of
oxidants is a feature of many cells.10 H2O2 exerts its regulatory role in signal transduction by
causing precisely regulated and targeted oxidation of thiol sulfhydryl groups in a low pKa,
thiolate state. It is important to highlight that numerous classes of proteins contain free-reactive
cysteine residues that are highly conserved across species. These cysteine residues have the
potential to become reversibly oxidized by H2O2, leading to the formation of sulfenic acid
(SOH) residues, disulfides (S-S), or S-glutathionylated residues.2 Thus, cysteines are currently
believed to serve as molecular switches, capable of processing different redox-based signals
into distinct functional responses.
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The main function of glutathione is to maintain the reduced state of cellular protein thiol groups,
accomplished in part through the function of glutathione peroxidases. Under conditions of
oxidative stress, glutathione can form mixed S-S with protein thiol groups, causing reversible
S-glutathionylation (also known as S-glutathiolation, mixed S-S, or PSSG).11 S-
glutathionylation of thiols can confer protection against further irreversible oxidations.
However, if the targeted cysteine is a functionally critical amino acid, S-glutathionylation has
the potential to modify protein function. For instance, S-glutathionylation of the p50 subunit
of NF-κB12 has been linked to repression of DNA-binding activity of this transcription factor.
The activities of protein kinase C,13 IKKβ,14 among others are also inhibited via by S-
glutathionylation, while on the other hand S-glutathionylation of SERCA,15 Ras16 enhances
activity of these proteins. These contrasting results demonstrate that the outcome of S-
glutathionylation depends on the protein that is targeted. Since S-glutathionylation has been
established to alter protein function, it is considered a posttranslational modification through
which oxidants can transduce signals and serve as second-messenger molecules. The relevance
of S-glutathionylation to cell biology is further bolstered by the existence of mammalian Grxs,
also known as thiol transferases, which under physiological settings catalyze the specific
reversal of the glutathionylated moiety to the sulfhydryl group, thereby rapidly restoring
protein function17,18 (Fig. 1). Two mammalian Grx enzymes have been characterized to date;
Grx1 is a cytosolic protein with a Cys-Pro-Tyr-Cys active site, whereas Grx2 contains a Cys-
Pro-Phe-Cys active site and is directed to the mitochondria, and can also occur in the nucleus.
2 The Grx-catalyzed reversible reduction of S-glutathionylated proteins to free sulfhydryl
groups occurs through a monothiol mechanism that only depends on the N-terminal Cys22
(Cys23 in mouse Grx1), which displays an unusually low pKa (3.5).19 Cys22 will become S-
glutathionylated itself in this reaction, and the reduced state of Grx will subsequently be
restored using GSH coupled to GSSG reductase.19 Although Grx-catalyzed
deglutathionylation is prominent, it is important to note that in certain settings Grx can also
catalyze PSSG, via a mechanism that involves the glutathione thiyl radical.20

Grx are among a few enzymes known to date to specifically act on an oxidative modification
in an amino acid, and therefore provide an important opportunity to unravel the functional
significance of a specific form of oxidative protein modification (S-glutathionylation) in cell
and tissue (patho)biology. Studies on Grx enzymes in the lung are scant. Hyperoxia was found
not to affect Grx expression in the lung,21 and mice systemically lacking Glrx1 did not display
altered susceptibility to hyperoxia-induced acute lung injury, compared to WT mice.22 Grx
expression was mainly detected in alveolar macrophages, with some expression in bronchiolar
epithelium. Of relevance to the topic of this perspective is the finding that Grx expression was
decreased or not detectable in fibroblast foci and other fibrotic areas of patients with IPF.23

Our laboratory has demonstrated that multiple stimuli affect expression of Grx1 but not Grx2
in primary lung epithelial cells. Increases in Grx activity and Grx1 mRNA were observed in
mice with allergic airways disease. Intriguingly, the profibrotic cytokine transforming growth
factor-beta 1 (TGF-β1) resulted in decreases in Grx activity and decreases in Grx1 mRNA
levels in primary lung epithelial cells, in association with marked increases in PSSG content.
24

The role of Fas-induced apoptosis in lung disease
Fas (CD95, Apo-1) is a member of the tumor necrosis factor receptor superfamily of death
receptors that shares a conserved 80 amino acid death domain in their cytoplasmic tail critical
in apoptosis signaling.25 The Fas pathway becomes activated after ligation of Fas by Fas ligand
(FasL)-expressing effector cells, or by soluble FasL. Upon ligation of Fas, the sequential
association of FADD, pro forms of caspases 8 and 10 occurs leading to the formation of a
death-inducing signaling complex (DISC) with resulting oligomerization, processing, and
activation of caspase-8, and execution of apoptosis via direct or indirect programs.26 In
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addition to the well-documented presence and role of Fas in cells of the immune system, Fas
is also expressed on resident pulmonary cells, including airway epithelium,27 although its role
in the pathophysiology of pulmonary disease is just emerging. In order to address the relevance
of Fas in pulmonary disease, a number of approaches have been undertaken that involve the
use of agonistic, Fas-activating antibodies, neutralization strategies, and the use of mice that
systemically lack functional Fas or FasL. A key observation that linked Fas to apoptosis and
subsequent development of pulmonary fibrosis was made in a study where mice were exposed
to agonistic Fas antibody (which mimics cross-linking between FasL and Fas) and
demonstrated apoptosis of bronchial and alveolar epithelial cells, and subsequent development
of pulmonary fibrosis.28 Conversely, bleomycin-induced fibrosis could be prevented using
soluble anti-Fas, or anti-Fas ligand antibodies, and did not occur in mice that lack functional
Fas (lpr) or FasL (gld),29 corroborating the essential role of Fas in the development of fibrosis
in the mouse.

Molecular links between Fas-induced epithelial apoptosis and the
development of fibrosis

Although the mechanistic links between apoptosis and fibrosis in the lung remain to be fully
unraveled, the current paradigm is that apoptosis of epithelial cells represents a key event in
the subsequent development of fibroproliferative disease, and the cardinal role of caspases in
bleomycin or TGF-β1-dependent apoptosis has been demonstrated.30,31 Administration of
agonistic Fas antibody increases TGF-β1 expression in the lung,28 which is mechanistically
relevant because of the well-known profibrotic role of TGF-β. In this regard, TGF-β1 can
synergize with Fas to induce apoptosis of epithelial cells32 through mechanisms that are
unclear. In patients with IPF, apoptosis has been reported in bronchiolar and alveolar epithelial
cells,33 in association with upregulation of Fas expression in these cells.29 Similarly, in the
bleomycin model of fibrosis excessive apoptosis has been detected in bronchiolar and alveolar
epithelial cells, in association with enhanced Fas expression.34 In the lung, FasL expression
has been detected on multiple cell types, including epithelial cells, macrophages, lymphocytes,
neutrophils, and myofibroblasts.34,35 Recent studies have demonstrated that expression of
FasL was increased in lung myofibroblasts of patients with IPF, and in lungs of mice with
bleomycin-induced fibrosis. Importantly, FasL-expressing myofibroblasts themselves were
resistant to Fas-induced apoptosis, and were demonstrated to be critical cytotoxic effectors that
cause apoptosis in Fas-expressing lung epithelial cells.35 Broncho alveolar lavage fluids from
patients with IPF were capable of inducing apoptosis in small airway epithelial cells, and causal
roles for TGF-β and Fas in the induction of apoptosis were apparent.32 Myofibroblasts that
were isolated from lungs of mice with bleomycin-induced fibrosis were also found to be
immuno-privileged based upon findings that they could live in an allogeneic environment and
were resistant to killing by FasL bearing naïve or activated T-lymphocytes.36 Collectively,
these findings raise the intriguing possibility that myofibroblast-dependent killing of Fas
bearing epithelial cells may underlie the lack of adequate reepithelialization, resulting in
chronic wound healing that culminates in fibrosis (Fig. 2).

Redox regulation of Fas-induced apoptosis
Because of the documented importance of both Fas-induced apoptosis and redox changes in
fibrotic lung disease, the question can be raised whether these processes are functionally
linked? Indeed numerous studies have demonstrated the importance of redox regulation of Fas-
induced apoptosis. S-nitrosylation of caspases has been demonstrated to prevent their
activation, and FasL stimulated denitrosylation of caspases which was catalyzed by
thioredoxins was required for caspase activation.37,38 Our laboratory recently demonstrated
that subsequent to ligation, Fas becomes S-glutathionylated on cysteine 294 in the death
domain. S-glutathionylation of Fas occurs following caspases eight- and/or three-mediated

Janssen-Heininger et al. Page 4

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



degradation of Grx1, and promotes its recruitment into lipid rafts and assembly of the DISC.
Importantly, overexpression of Grx1 attenuates Fas-induced apoptosis, while ablation of Grx1
increases the sensitivity of cells to undergo Fas-induced apoptosis. Thus, S-glutathionylation
of Fas constitutes a feed forward signaling mechanism through which the apoptotic strength
is regulated.39

Future directions
The ability to reveal reversible cysteine oxidation events in diverse protein targets enables
investigators to unravel with precision how redox events control biological outcomes. While
this area of investigation has classically been considered as “oxidative stress,” given the
importance of reversible cysteine oxidations in biological functions and cell homeostasis, this
research area perhaps is more appropriately considered as “redox biology.” This perspective
has centered on S-glutathionylation and Grx as one of the modules that affect redox biology
and Fas-induced apoptosis. However, many additional studies are needed to unravel the
hierarchy whereby redox events control this as well as other biological outcomes, and should
be aimed at the differentiation of redox events important in homeostasis versus those oxidations
that control pathophysiology, and those that mediate overt damage. A reaction scheme that
delineates the roles of diverse oxidation events along the spectrum from cell biology to
pathology has been published.40 Additional studies also are needed to document the functional
significance of reversible cysteine oxidations to the pathogenesis of diseases. This will require
identification of proteins modified through reversible cysteine oxidation in tissues, and
demonstration of the functional importance of such event in vivo. Those challenging endeavors
will require a trans disciplinary approach that integrates redox biochemistry, transgenics, and
clinical studies and are much needed not only to advance our knowledge, but also to develop
therapeutic strategies aimed at restoring the balance of functional cysteine oxidations.
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Figure 1.
Schematic representation of one of the mechanisms whereby hydrogen peroxide (H2O2) causes
protein S-glutathionylation (PSSG), and reversal of PSSG catalyzed by glutaredoxins. SH =
reduced sulfhydryl group. SOH represents unstable sulfenic acid intermediate. S. denotes
reactive cysteine. For illustrative purposes, this is a simplified schematic and additional
reactions that lead to PSSG have been identified. As is highlighted in the text, glutaredoxins
catalyze reversible reactions, but under physiological conditions where high concentrations of
reduced GSH exist, the predominant reaction is deglutathionylation.
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Figure 2.
Hypothetical schematic whereby Fas-induced apoptosis of epithelial cells can lead to fibrosis.
Myofibroblast-dependent killing of Fas bearing epithelial cells may contribute to impaired
reepithelialization, resulting in chronic wound healing that culminates in fibrosis.
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