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ABSTRACT
Asthma is a pulmonary disorder, with an estimated 300million people affected worldwide. While it is thought that endogenous reactive oxygen
species (ROS) and reactive nitrogen species (RNS) such as hydrogen peroxide and nitric oxide, are important mediators of natural physiological
processes, inflammatory cells recruited to the asthmatic airways have an exceptional capacity for producing a variety of highly reactive ROS and
RNS believed to contribute to tissue damage and chronic airways inflammation. Antioxidant defense systems form a tightly regulated network
that maintains the redox environment of the intra- as well as extracellular environment. Evidence for an oxidant-antioxidant imbalance in
asthmatic airways is demonstrated in a number of studies, revealing decreased total antioxidant capacity as well as lower levels of individual
antioxidants. Thiols in the form of GSH and sulfhydryl groups of proteins are among the most susceptible oxidant-sensitive targets, and hence,
studies investigating protein thiol redoxmodifications in biology and disease have emerged. This perspective offers an overview of the combined
efforts aimed at the elucidation of mechanisms whereby cysteine oxidations contribute to chronic inflammation and asthma, as well as insights
into potential cysteine thiol-based therapeutic strategies. J. Cell. Biochem. 116: 884–892, 2015. © 2015 Wiley Periodicals, Inc.
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Asthma is a disorder characterized by chronic airway
inflammation, mucus secreting cell hyperplasia and

metaplasia, airway hyperreactivity (AHR) and airway remodeling
[Hansbro et al., 2011]. The prevalence of asthma has increased
dramatically over the past two decades, affecting 300 million people
globally. As this number grows, the demand for therapeutic
intervention also increases, and hundreds of molecules are currently
in development [Short et al., 1996]. Current therapeutics, however,
are of limited efficacy as will be discussed further in this review.

The etiology of asthma is complex and multifactorial. Clinical
manifestations include allergic asthma, severe and steroid-resistant
asthma, as well as exacerbations induced by air pollution, cigarette
smoke, obesity and exercise-associated, or even aspirin-induced
asthma [Kim et al., 2010; Narayanankutty et al., 2013]. The cause(s)
of asthma remain incompletely understood, but it is believed that the
complex interplay between genetic and environmental factors

becomes unbalanced and predisposes individuals to hypersensitive
reactions. In the mid-1980’s, type 2 CD4þ lymphocytes (TH2 cells)
were thought to be integral to the pathogenesis of allergic airway
disease based on the observation that specific TH2 subtypes existed
in asthmatic patients [Hansbro et al., 2011]. These T cells were able to
secrete cytokines (IL-3, -4, -5, -9, -13, and GM-CSF) responsible for
the recruitment, priming and survival of the primary effector cells
(e.g., mast cells and eosinophils) [Holgate, 2010]. TH2-type cytokines
are now known to contribute to tissue damage, mucus metaplasia,
airway obstruction and chronic inflammation of the airways; all
hallmarks of persistent asthma [Whitehead et al., 2003]. Antigen-
presenting dendritic cells (DCs) were also identified in individuals
susceptible to indoor and outdoor environmental allergens [Stein-
man, 1991]. In the last decade, studies have been aimed at addressing
how specific DC subsets recognize allergens and communicate with
naive T cells through Class II MHC T cell receptor (CD3) interaction
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and engagement of co-stimulatory molecules [Holgate, 2010]. Based
upon these collective studies, among the potential new targets being
evaluated for treatment of asthma are the immune-stimulating
cytokines IL-4 and IL-13. These cytokines are critical to asthma
pathophysiology, and may hold promise in the treatment of specific
patient populations [May, 2011].

Patients suffering from allergic airway disease often exhibit
increased serum IgE levels and predominant eosinophilic infiltra-
tion [Hamelmann et al., 1999] and eosinophilic driven chemokines
CCL-11 and -24 within the airways. The discovery that admin-
istration of a monoclonal antibody targeting FcepsilonR1, the high
affinity IgE binding site on mast cells, blocks mast cell activation
and degranulation [McKeage, 2013], led to clinical trials using the
monoclonal antibody, Omalizumab. Omalizumab led to an almost
total inhibition of the early and late asthmatic responses to inhaled
allergen. However, only one third to one half of patients with
severe allergic asthma appeared to respond to Omalizumab,
potentially corresponding to the extent that blockade of IgE
binding to mast cells and dendritic cells produce down-regulation
of FceR1 [Holgate, 2010]. More recently, multiple studies have
investigated the ability of Mepolizumab, a humanized monoclonal
antibody against interleukin-5 (IL-5) to selectively inhibit
eosinophilic inflammation, reduce the number of eosinophils in
both sputum and blood, and reduce the frequency of exacerbations
and the need for treatment with systemic glucocorticoids in
patients with severe asthma and persistent eosinophilic inflam-
mation. Following a trial evaluating dose ranging efficacy and
safety in response to intravenous Mepolizumab [Pavord et al.,
2012], a newly reported study utilizing the same defining
characteristics (blood eosinophil count, number of previous
exacerbations and dose of inhaled corticosteroids) evaluated
subcutaneous versus intravenous administration of Mepolizumab
to determine whether the use of anti-IL-5 therapy would mitigate
the requirement for frequent glucocorticoid use in patients with
severe asthma. The occurrence of exacerbations was significantly
lessened in those patients receiving both intravenous and
subcutaneous Mepolizumab and was associated with improve-
ments in markers of asthma control [Ortega et al., 2014].

Recent clinical and experimental observations have suggested
however, that asthma is much more heterogeneous than proposed
by the TH2 paradigm, and roles for TH1 cells, regulatory T (TReg)
cells, TH17, and innate lymphoid cells (ILC) have been identified.
While it is known that multiple T cell lineages contribute to the
pathogenesis of allergic airway disease, the extent and degree to
which these cells orchestrate the respective pheno(endo) types of
human asthma remains unknown. Non-TH2 responses, such as IL-
17A, E, or F production are frequently found in the lungs of
asthma patients, particularly those with severe or corticosteroid-
resistant asthma [Kim et al., 2010]. IL-17E, released by alveolar
macrophages, is associated with TH1 and TH17 immunity and may
be involved in the mixed T-cell response [Hansbro et al., 2011]. IL-
17 and IL-22 have been shown to sustain inflammation in allergic
diseases and affect a variety of cell types, particularly epithelial
cells in the inflamed tissues [Souwer et al., 2010]. Abundant
neutrophilic infiltration may also play a role in asthma
pathophysiology possibly through release of ROS, RNS, cytokines,

lipid mediators and enzymes including elastase, myeloperoxidases,
and cathepsin G [Hamid and Tulic, 2009]. Notably, the presence of
neutrophils in lungs of severe asthmatics has been linked to IL-17
production, and is associated with steroid resistance [Sturrock
et al., 2006; Chang et al., 2013; Ryu et al., 2013; Sutcliffe et al.,
2012].

Originally described as TH2 cytokine producing non-B/non-T
cells, Innate Lymphoid Cells (ILCs) were identified by multiple
groups in 2010. One study identified c-Kit, Sca-1, IL-17R, and IL-
33-expressing ‘natural helper’ cells, distinct from lymphoid
progenitors in adipose tissue of the peritoneal cavity in response
to IL-2, important in the protection against helminth infection
[Waghray et al., 2005]. Similar observations were reported
characterizing a distinct population of ‘nuocytes’ in the mesenteric
lymph nodes expanded in vivo in response to IL-25 and IL-33, and
were an early source of IL-13 during helminth infection with N.
brasiliensis [Kim et al., 2012], and additional studies also
identified these cells in the spleen and liver, and labeled them
‘innate helper type 2 cells’ [Muijsers et al., 2001]. Despite subtle
differences reported among natural helper cells, nuocytes and
innate helper type 2cells [Bacsi et al., 2005], these cells are now
categorized as group 2 innate lymphoid cells (ILC2s). Specific
functions for ILC subsets have been identified, as ILC2 cells
expressing GATA3 and IL-33R are implicated in allergen-induced
asthma [Dobashi et al., 2001; Murata et al., 2003], while ILC3 cells
are speculated to contribute to obesity-induced asthma [Koike
et al., 2007]. ILC2s produce TH2 cytokines and are stimulated by IL-
25 and IL-33 release [Kim et al., 2010] and recent studies in wild-
type (WT) mice showed expansion of the ILC2 population in the
lung and bronchoalveolar lavage fluid in a model of house dust
mite (HDM)-induced allergic asthma, and were a major source of
IL-5 and IL-13 [Boldogh et al., 2005]. Additionally, in vivo
adoptive transfer experiments demonstrated that IL-13 produced
by ILC2s was sufficient to mediate IL-33-induced airway
inflammation [Muijsers et al., 2001; Traidl-Hoffmann et al.,
2002; Pasqualini et al., 2011]. ILC2s may therefore be critical
mediators of allergic airway inflammation in the lung.

In addition to deregulation of the immune response, there is
evolving awareness of the active participation of structural
elements, such as the airway epithelium, airway smooth muscle,
and endothelium in asthma, especially as the disease progresses
to a more severe and chronic phenotype [Holgate, 2010].
Hallmark pathological features of asthma, such as remodeling
of the epithelium, are thought to induce the clinical symptoms of
the disease: airway obstruction, coughing, dyspnea, and wheez-
ing [Holgate, 2010]. Inhaled corticosteroids and combination
therapies with long-acting b-agonists are the mainstay pharma-
cotherapies for controlling the symptoms of asthma. Although
several more immunotherapies are currently in development as
described above (IgE mAb, IL-5 mAb, and IL-4 mAb) [Umetsu
et al., 2002], none of these treatments can cure established
asthma. Therefore, further elucidation of the biochemical
processes that culminate in the diverse phenotypes of human
asthma, and the contribution of immune and structural cells
herein are paramount toward the identification of new ther-
apeutic targets.
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PROTEIN THIOL REDOX HOMEOSTASIS

Oxidants, such as hydrogen peroxide, are largely thought to be
harmful, as excessive amounts can induce cellular damage and have
been implicated in a variety of diseases. Contrasting this notion,
other studies have demonstrated that oxidants play a much more
complex and not always harmful role in the regulation of cellular
processes. A key manifestation of this is the oxidation and
modification of cysteines (Fig. 1), which holds significant biological
importance as many of these modifications can control protein
function [Barrett et al., 1999; Adachi et al., 2004; Michalek et al.,
2007; Janssen-Heininger et al., 2008; Sakai et al., 2012; Nolin et al.,
2014]. While all cysteines contain a sulfhydryl moiety, not all are
susceptible to oxidation. Reactive cysteines generally have a pKa

value at or lower than neutral pH, compared to the standard cysteine
pKa around 8–8.5. This decrease in pKa is due in large part to the
microenvironment surrounding the cysteine, which allows the
formation of a thiolate anion (-S-) that can be readily oxidized. Upon

exposure to oxidants such as hydrogen peroxide, nitric oxide,
peroxynitrite or other organic peroxides, the thiolate form of reactive
cysteines can become oxidized to sulfenic acid (S-OH, sulfenylation),
which is considered the “gateway oxidation” that can give rise to
further oxidations [Finkel, 2011]. Nitric oxide gives rise to
nitrosylated protein cysteines (S-NO, S-nitrosylation), a post-
translational modification thought to significantly contribute to
biological function of nitric oxide [Evangelista et al., 2013]. Further
reversible modifications of sulfenic acid include thiolation,
cysteinylation, and S-glutathionylation. S-glutathionylation (P-
SSG) represents the conjugation of the tri-peptide, glutathione
(GSH), with a reactive cysteine in a protein. Both S-NO and S-SG are
believed to be important in protection against irreversible protein
oxidation, including the formation of cysteine sulfinic acid (S-O2H)
and sulfonic acid (S-O3H), the hyper-oxidized forms of cysteine
which typically lead to degradation. The exact mechanisms that
govern inter-conversations between the various oxidized states in
intact cells and tissues remain unknown. In addition to protecting

Figure 1. Overview of allergen-initiated innate and adaptive immune responses and associated changes in protein thiol redox status. (1) Inhalation of allergens leads to
disruption of epithelial cell homeostasis and impaired barrier function, allowing the allergen to interact with dendritic cells and other immune cells, including T cells. (2) Allergens
are engulfed and processed by dendritic cells, which present antigenic epitopes to naïve T cells. (3) Naïve T cells polarize leading to recruitment of neutrophils and eosinophils
(innate immune response) and activation of B cells, driving the adaptive immune response. (4) Reactive oxygen and nitrogen species are produced by inflammatory cells and
structural cells including epithelial cells, resulting in oxidative modifications of reactive cysteines within proteins (P) (5). The downstream effects of oxidant overproduction have
traditionally been associated with tissue damage (6). However, altered protein thiol redox biology (7) has emerged as a putative mechanism where oxidants contribute to the
chronic features of asthma. This (patho) biological role of oxidants has the potential to be exploited towards the development of new and targeted therapeutics for patients with
asthma. H2O2, hydrogen peroxide; O2

. -, superoxide; S., thiyl; NO. nitric oxide; ONOO- peroxynitrite; P-SH, protein thiol; P-SOH, protein sulfenic acid; P-SNO, S-nitrosylation;
P-SSG, S-glutathionylation; Grx, glutaredoxin; Srx, sulfiredoxin; Trx, thioredoxin; GSTP, glutathione S-transferase pi; GSSG, glutathione disulfide.
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the target protein from further oxidation, S-glutathionylation can
have profound effects on protein activity, and protein activation and
inactivation and other functional changes have been reported,
depending on the target protein. Conversely, prolonged exposure of
sulfenic acid intermediates to oxidants can generate irreversiblly
oxidized sulfinic and sulfonic acid forms of cysteine (Fig. 1).

The existence of enzymes involved in maintaining protein
cysteine redox homeostasis provides further evidence for the
biological importance of these modifications. Glutaredoxins (Grx),
under normal physiological conditions, can specifically reverse S-
glutathionylation of target proteins [Reynaert et al., 2006].
Thioredoxins (Trx), can reduce disulfide bonds as well as reverse
S-nitrosylation of proteins [Benhar et al., 2008], and sulfiredoxins
(Srx) can reverse S-glutathionylation of certain targets [Findlay
et al., 2006; Park et al., 2009]. Other enzymes involved in cysteine
chemistry include protein disulfide isomerases (PDI), which are
largely responsible for disulfide bond formation, as well as
glutathione S-transferases (GST). Of these, GSTP was recently
described as a putative catalyst of S-glutathionylation [Townsend
et al., 2009], although the specific targets of GSTP-catalyzed
S-glutathionylation remain unknown.

REDOX PERTURBATIONS IN CHRONIC
INFLAMMATION AND ALLERGIC ASTHMA:
ROS SOURCES

Despite the aforementioned importance of cysteine redox modifi-
cations, the source(s) of oxidants that regulate these events is
difficult to determine. Numerous potential exogenous and
endogenous sources of oxidants exist. Activation of NADPH oxidase
in phagocytic cells, a quintessential factor in the host defense
system, promotes intra-phagosomal ROS production to kill ingested
pathogens. NADPH oxidase also contributes to activation of secreted
proteolytic enzymes and receptor-mediated activation of pro-
inflammatory signaling pathways [Terada, 2006]. While conflicting
results exist, the role of active NADPH oxidase in allergic airway
disease has been demonstrated by studies utilizing Gp91phox (subunit
of flavocytochrome b558, the catalytic core of NADPH oxidase)
deficient mice (Gp91phox-/-) in the Ovalbumin (OVA) model of
allergic airway disease. It has been reported that Gp91 deficiency
decreased ROS production, airway inflammation, and airway mucus
production in Gp91phox-/-mice [Sevin et al., 2013]. In contrast, it was
also demonstrated that mice lacking Gp91phox exhibited enhanced
influx of inflammatory cells and TH2 cytokine levels [Banerjee and
Henderson, 2012; Banerjee and Henderson, 2013]. Mechanistically,
bone marrow-derived DCs from Gp91phox-/- animals were found to
produce more IL-12 in response to LPS, suggesting enhanced TH1
differentiation. Moreover, splenocytes isolated from sensitized
Gp91phox-/- mice produced less IL-13 in response to OVA challenge
in vitro, indicating decreased TH2 differentiation. T cell differ-
entiation appeared unaffected, however, as cytokine production by T
cells was unaltered by the absence of Gp91phox under TH0, TH1, TH2,
as well as TH17 polarizing conditions [Sevin et al., 2013].

In DCs, Gp91phox is recruited to early phagosomes, mediating
sustained production of low levels of ROSwhich cause alkalinization

of the phagosomal lumen. Although, under certain conditions, such
as prolonged contact between DCs and pro-inflammatory ligands,
substantial production of ROS may occur and affect DC responses.
Interaction of DCs with TLR ligands can for instance enhance the
level of ROS production by DCs [Vulcano et al., 2004]. Phagosomal
alkalinization normally observed in DCs however, was lost in bone
marrow derived DCs of Gp91phox-/- mice. This lower phagosomal pH
resulted in enhanced degradation of proteins and decreased
efficiency of antigen cross-presentation [Savina et al., 2006; Jancic
et al., 2007]. These studies implicate Gp91phox in the processing of
antigens rather than in killing pathogens in DCs.

Gp91phox is also present in non-hematopoietic cells and its role in
these cells in allergic airway disease has been investigated using
chimeric mice. These experiments showed that the absence Gp91phox

in non-hematopoietic cells resulted in reduced AHR in response to
OVA, and inhibition of eosinophil migration across the endothelium.
The effects on AHR could be bypassed by intratracheal admin-
istration of eosinophils, suggesting that the induction of NADPH
oxidase in endothelium by VCAM1 is necessary for eosinophil
recruitment [Abdala-Valencia et al., 2007].

Virtually all cell types express a non-phagocytic isoform of
NADPH oxidase (NOX). Superoxide or hydrogen peroxide produc-
tion by these NOX enzymes is tightly controlled and localized, and is
involved in many physiological processes, relaying signals via
posttranslational modifications in target proteins, notably via
cysteine oxidations, described above. Their role in allergic airway
inflammation and asthma has recently been elegantly reviewed
[Schroer et al., 2011; van der Vliet, 2011], and recent studies have
also demonstrated their importance in the development of allergic
airway disease. Duox1 is already known to be induced by the typical
TH2 cytokines IL-4 and IL-13, and is associated with features of
asthma such as mucin production. Interestingly, histamine, via the
H1 receptor, has been shown to induce ROS production through
Duox1 in primary human bronchial epithelial cells. Moreover, a
synergistic effect with IL-4 inducing Duox1 gene and protein
expression, and histamine further enhancing Duox activity has been
observed [Rada et al., 2014]. Duox2 has also been shown to associate
with TLR4 in bronchial and TLR2 in nasal epithelium upon HDM
extract stimulation and shown to be necessary for the development
of allergic airway disease and allergic rhinitis respectively [Ryu et al.,
2013]. The relevance of Duox-mediated ROS production in the
development of allergic airway disease in vivo was furthermore
shown using DUOXA deficient mice in the OVA model. Mice
deficient in both Duox1 and 2, displayed reduced mucus cell
metaplasia, lower levels of TH2 cytokines and somewhat surprisingly
lower numbers of neutrophils, but not eosinophils in bronchoal-
veolar lavage fluid (BALF) in conjunction with attenuated AHR to
methacholine [Chang et al., 2013]. To date, no reports on Duox levels
in patients with asthma have been published, but these enzymes
likely contribute to asthma pathology as they can affect the
aforementioned processes.

Another non-phagocytic NAPDH oxidase of interest in asthma is
NOX4 [Sutcliffe et al., 2012], as intrinsic NOX4 mRNA and protein
expression in primary airway smooth muscle cells isolated from
asthma patients was increased relative to healthy controls.
Importantly, the enhanced contractility displayed by asthmatic
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smooth muscle cells was attenuated following NOX4 knockdown
and pharmacological inhibition [Sutcliffe et al., 2012]. Additionally,
NOX4 is required for expression of differentiationmarkers in smooth
muscle cells in vitro and mediates proliferation and hypertrophy
induced by TGFb [Sturrock et al., 2006]. NOX4 also has been
implicated in other disorders of the lung, such as IPF [Hecker et al.,
2009], and initiation of NOX4-induced ROS production at the
surface of fibroblasts can enhance epithelial cell apoptosis [Waghray
et al., 2005]. Together, these NOX-mediated cellular responses are
thought to be important in the pathophysiology of asthma, and
application of the general NOX inhibitor apocynin in the OVAmodel
decreased AHR and inflammation and affected activation of redox
sensitive transcription factors including activator protein-1 (AP1)
and Nuclear Factor kappa B (NF-kB) in vitro [Kim et al., 2012].
Moreover, a prior study observed attenuation of AHR by apocynin
treatment, but did not demonstrate effects on inflammation
[Muijsers et al., 2001]. Importantly, a number of allergens have
been shown to contain NADPH oxidase activity as well [Bacsi et al.,
2005]. A variety of pollen grain extracts not only contained intrinsic
NADPH oxidase activity, but this activity was crucial to the
induction of ROS production inmouse lung epithelial cells, as well as
markers of oxidative stress prior to inflammatory cell influx
[Boldogh et al., 2005]. Furthermore, this initial induction of local
oxidative stress by these extracts was important in augmenting
antigen-induced allergic airway inflammation. It has also been
shown that challenging mice with ragweed extract lacking NADPH
oxidase activity resulted in diminished recruitment of eosinophils
and mucus metaplasia, an effect that is not accompanied by altered
production of TH2 cytokines [Bacsi et al., 2005].

Lastly, exacerbations of allergic airwaydisease are often associated
with enhanced exposure to oxidants and oxidizing particulates and
gases suchaspollutionandcigarette smoke.Air pollution is thought to
contribute to the increase in incidence of allergy and allergic asthma
in industrial countries. One reason for this increase could be the
interaction of pollutants with known allergens thereby increasing
their allergenicity, or with non-allergic substances causing them to
become allergens. These possibilities were investigated in vitro by
examining the effect of ozone fumigation of ragweed pollen. Ozone
fumigation was found to cause damage to the pollen membrane
system, which can lead to enhanced release of pollen-associated lipid
immune-modulators [Traidl-Hoffmann et al., 2002], but it did not
affect the content of allergens per se. Ozone fumigation did
significantly increase NADPH oxidase enzyme activity [Pasqualini
et al., 2011] however, which could increase the pollen0s allergenicity
[Boldogh et al., 2005].

CYSTEINE REDOX PERTURBATIONS IN CHRONIC
INFLAMMATION AND ALLERGIC ASTHMA:
GLUTATHIONE AND ITS REGULATORY ENZYMES

Within the lung tissue, thiols in the form of glutathione (GSH) and
sulfhydryl groups of proteins are among the most susceptible
oxidant-sensitive targets and can be either reversibly oxidized to
sulfenic acids (-SOH) or disulfides (S-S), or irreversibly oxidized to
sulfinic (-SO2H) and sulfonic (-SO3H) acids, as discussed earlier.

Although reversible oxidations are believed to protect proteins from
irreversible oxidation, the sulfenic acid moiety is very unstable and
readily reacts with other thiols to form intra- or intermolecular
disulfides, potentially altering protein function. Protein S-gluta-
thionylation (PSSG), the reversible conjugation of a GSHmolecule to
a reactive cysteine via a disulfide bond, is a critical regulator of
cellular function by controlling diverse signaling pathways and has
been associated with inflammation. Accumulation of PSSG occurs in
different cell types under a variety of oxidative conditions [Shelton
and Mieyal, 2008]. Although total levels of glutathione in BALF,
sputum and EBC have been reported to be increased in asthma, few
studies examined levels of GSSG and these show conflicting data as
reviewed by Reynaert, N.L. [Reynaert, 2011]. A recent study on a
relatively large cohort of children predominantly with severe asthma
found increased levels of GSSG in both macrophages and BALF,
which were associated with decreased HDAC activity, increased
apoptosis and impaired phagocytosis [Fitzpatrick et al., 2011a]. An
associated study also found lower levels of reduced GSH and protein
cysteines in the airways and plasma of children with severe asthma.
These results were associated with dysfunctional Nrf2 activity,
despite elevated Nrf2 mRNA and protein expression [Fitzpatrick
et al., 2011b]. Regardless, evidence suggests that the state of GSH
redox equilibrium in immune cells is crucial in determining the
balance of TH1/TH2 immune responses and antigen presentation. For
instance, lowering intracellular GSH levels was shown to negatively
impact antigen processing in DCs, especially of antigens containing
disulfide bonds [Short et al., 1996]. Nrf2 has also been shown to
influence antigen presentation activity by controlling the redox
equilibrium of DCs [Chan et al., 2006]. These data correlate with the
reports described above on the role of Gp91phox in antigen processing
in DCs. Further, higher intracellular levels of reduced GSH favored
TH1 development through IL-12 production in antigen presenting
cells [Murata et al., 2003]. Conversely, exposure of macrophages to
the TH1 cytokine IFNg increased the GSH/GSSG ratio, whereas
exposure to the TH2 cytokine IL-4 decreased this ratio [Dobashi et al.,
2001]. Administration of g-glutamylcysteinylethyl ester, a GSH
precursor, to monocytes in vitro as well as in the OVA model in vivo
also increased IL-12 and suppressed production of TH2 cytokinesIL-4
and IL-5 and eosinophil chemotaxis [Koike et al., 2007].

GLUTATHIONE PEROXIDASE
At present, it is not clear if the expression of the enzymes involved in
GSH synthesis is altered in asthmatics. However, enzymes that
regulate GSH redox status and that use GSH have been studied in the
context of asthma. Glutathione peroxidase 3 (GPx3) or extracellular
GPx, the most abundant GPx isoform in the lung, was found to be
increased in the BALF and bronchial epithelial cells of asthma
patients compared to healthy controls [Comhair et al., 2001]. GPx1,
the most abundant intracellular GPx isoform, was increased in the
OVA model of allergic asthma, and furthermore, GPx1-deficient
mice exhibited attenuated eosinophilia, goblet cell hyperplasia,
collagen deposition and AHR. Moreover, in vitro studies demon-
strated that CD4þ T helper cells derived from GPx1-deficient mice
exhibited enhanced proliferation and produced more ROS and IL-2
after stimulation compared to WT cells. Gpx1-/- cells were also
predominantly TH1 and TH17-biased. Together, these data indicate
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that the effects of GPx1 on immune cell proliferation and
differentiation may predominate over its effects on protection
against oxidative damage [Won et al., 2010]. Expression of GPx2
was shown to be elevated in the airway epithelium in the OVAmodel
of allergic airway disease, but unlike GPx1-deficient mice, GPx2-
deficient mice showed enhanced airway inflammation and reactivity
in this model [Dittrich et al., 2010]. Discrete localization and
functions of different GPx isoforms could explain both protective
versus enhancing roles in allergic airway disease. With respect to the
latter, indications exist that GPx2 might function less as a GSH
peroxidase and could be more involved in inhibiting prostaglandin
synthesis and enhance other anti-inflammatory mechanisms
[Dittrich et al., 2010].

GLUTATHIONE-S-TRANSFERASE
Members of the glutathione-S-transferase (GST) superfamily have
been under investigation in asthma since they are critical in the
protection of cells against toxic products of ROS-mediated reactions.
GSTP1 is the predominant cytosolic GST in the human lung
epithelium [Fryer et al., 1986], and is located on chromosome 11q13,
a locus linked to asthma susceptibility [Kano et al., 1987; Doull et al.,
1996]. Furthermore, specific GSTP1 polymorphisms are strongly
associated with asthma [Spiteri et al., 2000]. Interestingly, challenge
of ragweed-sensitive patients with allergen alone or in combination
with diesel exhaust particles induced IgE and histamine production
in patients expressing Ile105, a variant of GSTP1 [Gilliland et al.,
2004]. GSTP expression was found to be decreased in nasal epithelial
cells derived from children with asthma compared to non-asthmatic
children [Schroer et al., 2011]. Further, GSTP1 is functionally
involved in specific pathophysiological processes that underlie
clinical features of asthma. Eosinophilia, goblet cell hyperplasia, IL-
5 levels, airway remodeling and lung resistance were enhanced in
GSTP-deficient mice compared toWT controls in the OVAmodel. As
in humans, strain-dependent effects were observed in mice that
correlated with endogenous levels of GSTP expression [Zhou et al.,
2008].

GSTP-null mice also displayed increased cysteine disulfide levels
in response to HDM relative to WT animals [Schroer et al., 2011].

GLUTAREDOXIN
Glutaredoxin (Grx) is a specific and well-characterized catalyst of
protein deglutathionylation [Shelton and Mieyal, 2008]. A member
of the thiol-disulfide oxidoreductase family, Grx promotes reversible
reduction of protein-SSG to free sulfhydryl groups (Fig. 1). In
addition, Grx is unique in that it regenerates itself through the
oxidation of GSH, notably at high concentrations of GSH [Reynaert
et al., 2007]. In this reaction, Grx itself is S-glutathionylated at Cys-
22, and the reduced state of Grx is restored by the coupling GSH to a
second GSH molecule, forming a glutathione disulfide (GSSG)
[Reynaert et al., 2006]. So far, Grx and PSSG have only been reported
in one study in patients with asthma. Our group has recently shown
that Grx1 levels are increased, and PSSG levels are decreased, in the
sputum from asthmatics. These alterations in Grx1 seemed largely
independent of the inflammatory cells present in the sputum, but
expression of Grx1 was increased in bronchial epithelial cells
isolated from asthma patients [Kuipers et al., 2013]. PSSG levels on

the other hand were only decreased in asthmatics with a dominant
eosinophilic or neutrophilic sputum cellular profile, and positively
correlated with the percentage of lymphocytes in the sputum.
Sputum PSSG levels in asthma are therefore likely influenced not
only by Grx1 levels, but also by other factors such as oxidative
changes related to inflammation.Whether decreases in sputumPSSG
are associated with enhanced protein deglutathionylation and
whether this increases the vulnerability of these proteins to oxidative
damage has yet to be determined. Importantly, decreased lung
function was associated with higher sputum Grx1 levels and lower
PSSG levels. Additionally, PSSG levels correlated with asthmatic
controls in neutrophilic patients [Kuipers et al., 2013]. These data
correspond with the increases in Grx1 expression and activity
predominantly in bronchial epithelium in the OVA model of allergic
airway disease [Reynaert et al., 2006]. A follow-up study also
demonstrated that additional OVA challenges lead to further
increases in Grx1 expression within the whole lung. No clear effects
on lung PSSG were observed in WT mice in response to OVA, but
marked increases in PSSG content was detected 48 h after repeated
antigen challenge in the lungs of Grx1-deficient mice. To investigate
the impact of Grx1/PSSG alterations on the development of allergic
airway disease, Grx1-deficient mice (Glrx1-/-) were sensitized and
challenged with OVA. No effect of Grx1 ablation on OVA-specific
IgE levels were observed, but inflammatory cell influx and
expression of proinflammatory mediators were decreased in
Glrx1-/- mice. WT and Glrx1-/- mice demonstrated comparable
increases in AHR, however, Glrx1-/- mice showed enhanced
resolution of AHR 7 days post challenge cessation. This was
accompanied by marked decreases in mucus metaplasia and IL-13
expression, in the absence of effects on inflammation. These results
demonstrate that the Grx1/S-glutathionylation redox status in mice
is a critical regulator of AHR and its resolution, and suggest that
avenues to increase S-glutathionylation of specific targets may
attenuate AHR [Hoffman et al., 2012].

THIOREDOXIN
Thioredoxin (Trx), represents another class of thiol-oxidoreductases
important in cellular redox homeostasis, for which numerous target
proteins have been identified, and has emerged as a critical regulator
of biological processes [Lee et al., 2013]. Serum levels of Trx were
significantly increased in patients during asthmatic exacerbation,
and serum Trx levels correlated with lung function and eosinophil
cationic protein levels during these times. Levels of serum Trx may
therefore correspond to the extent of airway obstruction and
eosinophil activation in the lung, and could represent a possible
protective response [Ito et al., 2011].

This latter possibility alludes to several animal studies that show a
beneficial effect of Trx in animal models of asthma. Reduced
eosinophilia, mucus metaplasia and AHR were observed in Trx-
overexpressingmice, for example,while effects onTH2 responseswere
not [Torii et al., 2010]. Furthermore, studies have shown that
exogenously administered recombinant Trx suppressed allergic
inflammation in animal models of asthma. Intraperitoneal admin-
istration of recombinant human (rh) Trx1 during antigen challenge
significantly inhibited airway remodeling, lung eosinophilia and
AHR, and resulted in decreased eotaxin, macrophage inflammatory
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protein-1alpha and IL-13 expression in the lung. Importantly,
administration of rhTrx1 significantly ameliorated existing goblet
cell hyperplasia in OVA-sensitized and -challengedWTmice [Imaoka
et al., 2009]. Administration of WT Trx also suppressed AHR and
increased mRNA expression of several TH1 cytokines including
including IL-1b and IL-18 in the lungs of OVA-sensitized mice.
However, the 32S/35S mutant Trx, the catalytically-inactive form of
this enzyme, didnot affect these endpoints, confirming that the effects
of Trx are dependent on its enzymatic activity. Trx may also regulate
the TH1 response by increasing expression of IFNg and IL-12 in
monocytes and T cells in vitro, but these effects were not observed in
the Trx transgenicmice described above [Torii et al., 2010]. The effects
of Trx on AHR and airway inflammation are subject to some
controversy however [Ichiki et al., 2005], and differences in genetic
background, immunization protocols, as well as the potential
divergent functions of intracellular vs extracellular and endogenous
vs exogenous Trx could be responsible for these discrepancies.
Repressionof eosinophilia couldbe attributed tomultiplemechanisms
of action of Trx. Interestingly, preincubation with Trx was found to
directly suppress eotaxin and RANTES-induced chemotaxis of
eosinophils. Trx did not affect expression of the receptor of these
two chemokines, CCR3, but attenuated the downstream activation of
ERK 1/2 and p38 MAPK [Kobayashi et al., 2009].

The anti-inflammatory effects of Trx are generally thought to be
dependent on its catalytic function. Importantly however, Trx also
directly attenuates eosinophil and neutrophil chemotaxis, and may
therefore have clinical benefits. Along these lines, it is important to
note that the half-life of Trx in lung tissue is 6 times longer than in
sera (51.3 h vs. 8.5 h) [Hoshino et al., 2003].

POTENTIAL FOR THERAPEUTIC INTERVENTION AND
TARGETING OF OXIDATIVE EVENTS AND CYSTEINE
OXIDATIONS IN ASTHMA

Asthma represents a major health concern worldwide and while
current mainstay therapies, namely b-agonists and glucocorticoids
reduce airway inflammation, reverse bronchoconstriction and
improve quality of life, there remains a significant patient
population for whom these treatments are ineffective [Umetsu
et al., 2002]. Additionally, these treatments have little or no effect on
structural alterations of the disease, and do not reverse or prevent
disease progression. Current popular belief holds that oxidants are
“bad,” contributing to cellular damage and tissue pathology. The
possibility that oxidants can exert regulatory biological functions,
and even constitute anti-inflammatory mechanisms, however, is not
implausible and has great clinical relevance. Given that our
understanding of means to inhibit inflammation in allergic asthma
is incomplete to date, ongoing and future studies are significant in
that they attempt to identify the contribution of specific ROS-
producing enzymes and resultant modification of protein cysteine
residues. We envision the use of compounds to specifically target S-
glutathionylation in the context of allergic asthma. Of direct
translational relevance NOV-002, a dimeric version of oxidized
glutathione (GSSG), which may enhance PSSG by altering the GSH:
GSSG ratio [Fitzpatrick et al., 2011a; Fitzpatrick et al., 2011b]. Such

studies have the potential to unravel beneficial redox reactions
catalyzed by oxidants that are targeted with the goal to dampen the
extent of and enhance resolution of allergic inflammation.
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