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Abstract
The lung is unique being exposed directly to the atmospheric environment containing xenobiotics,
pathogens, and other agents which are continuously inhaled on a daily basis. Additionally, the
lung is exposed to higher ambient oxygen levels which can promote the formation of a complex
number of reactive oxygen and nitrogen species. Due to this constant barrage of potential
damaging agents, the lung has developed a high degree of plasticity in dealing with ever changing
conditions. In the present commentary, we will focus on glutathione (GSH) as a key antioxidant in
the lung airways and discuss mechanisms by which the lung uses GSH to adapt to its rapidly
changing environment. We will then examine the evidence on how defective and inadequate
adaptive responses can lead to lung injury, inflammation and disease. Lastly, we will examine
some of the recent attempts to alter lung GSH levels with therapies in a number of human lung
diseases and discuss some of the limitations of such approaches.
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The lung’s first line of defense, the airway fluid
The lung epithelial lining fluid (ELF) is a continuous thin fluid containing a heterogeneous
mixture of macromolecules that includes proteins, mucous, and surfactants as well as a
number of low molecular weight antioxidants [1]. One of the functions of the many ELF
components are to act as a barrier against inhaled agents and detoxify potentially damaging
reactive species that are abundant in the atmospheric environment [2]. The lung also has the
additional challenge of being able to quickly change the components of the ELF to adapt to
a constantly shifting composition of inhaled agents in the atmospheric environment. How
the lung does this and the sensors it uses to do this are largely unexplored and unknown. An
equally understudied area is how these adaptive responses are altered with disease and aging
and the long-term consequence of maladaptive responses to environmental challenges.
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Protective Macromolecules and Enzymes
To date numerous proteins and other factors have been identified in both normal and disease
states as potential biomarkers based on the type and amount of specific proteins found in the
airways. A common approach to sample the ELF is to perform a bronchoalveolar lavage
(BAL) that instills a small amount of saline into the lung airways which mixes with the ELF
and is then aspirated out. Recent work has utilized a proteomic approach to identify protein
constituents of the BAL fluid (BALF) [3]. A detailed description of all of the BAL proteins
identified would be a full review in itself and is thus beyond the scope of the current
commentary. Therefore we will limit this commentary to a few pertinent antioxidant
proteins found in the BALF. Some of the more commonly measured enzymes range from
catalase, superoxide dismutase (SOD), thioredoxin, glutathione-S-transferase, glutathione
peroxidase, peroxiredoxins and glutathione reductase [4]. Some of these enzymes, such as
extracellular SOD (SOD3), are known to be secreted by cells and require no additional
cofactors to be active [5]. There is evidence that shows the recovered enzymes in the BALF
are indeed intact and functional when provided proper substrates and cofactors, however the
source(s) of some enzymes is controversial [1]. One theory is that the enzymes found in the
BAL are leaked from the lung cells during either damage or normal turnover of the cells. A
second explanation is that these enzymes are actively secreted by the lung cells themselves
or originate from the plasma. Another confounding factor in the investigation of the role of
these antioxidant enzymes is the availability of potential cofactors. For instance, glutathione
reductase, although found to be functional ex vivo when recovered from the BAL, requires
NADPH as a cofactor and yet NADPH is not found at high concentrations in the ELF nor is
it known to be released by cells. A similar case exists for thioredoxin reductase which also
requires NADPH for activity. In either case, the in vivo functionality of these extracellular
enzymes is not fully understood and requires further investigation.

Low molecular weight antioxidants
There are a large number of different small molecule antioxidants in the ELF. The
antioxidants in the ELF have not been characterized to the extent that they have been in the
plasma due to the variability of the dilution of the ELF during BAL and the difficulty in
obtaining both BAL and plasma from human subjects [6]. Despite the lack of a clear
antioxidant profile there are a few molecules that are typically measured. GSH is one of the
most characterized and abundant antioxidants found in the ELF while there are also
substantial levels of cysteine, ascorbic acid, α-tocopherol, urate and thiocyanate that can act
as antioxidants as well [6,7]. Although urate can reach high levels in the ELF, its antioxidant
benefit is not fully understood. Urate has been shown to be beneficial in models of ozone
toxicity, but there is little other evidence of its protective function in the ELF [8].
Conversely, both ascorbic acid and α-tocopherol are found at much lower levels in the ELF
and their levels are similar as those reported in the plasma [9,10]. Thiocyanate is also a
potentially important molecule found in the ELF at substantial levels that has interesting
antioxidant and host defense properties [11]. However, very little is currently known about
its source, synthesis and distribution in the lung.

GSH is unique in that it is one of the few antioxidants in the ELF that is expressed at higher
levels than the plasma. Under normal conditions GSH in the ELF can range between 100–
300 μM and increase to near millimolar levels under conditions of stress. A number of
stimuli can elevate GSH levels including bacterial infection, disease, or smoking. Under
these circumstances the elevated GSH may in fact be an adaptive response to these stimuli to
avoid further damage to the lung. Conversely ELF GSH levels are decreased in many
progressive lung diseases (Table 1) including idiopathic pulmonary fibrosis (IPF), acute
respiratory distress syndrome (ARDS), cystic fibrosis (CF), lung transplantation, HIV
infection, and late stage chronic obstructive pulmonary disease (COPD) [12,13]. In many of
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these instances the lung’s ability to maintain a normal GSH basal level is compromised in
some way and may potentially contribute to the progression of these particular conditions.
However, due to our limited understanding of the mechanisms and pathways the lung uses to
maintain airway GSH, it is unclear whether these events are linked directly with these
various pathophysiologic conditions.

Sources of ELF GSH
de Novo Synthesis and Systemic Supply

GSH is synthesized de novo in every organ to different degrees but can also be broken down
and taken up by specific cell types. GSH is a tripeptide comprised of γ-glutamate, cysteine,
and glycine. The initial energy dependent and rate limiting step catalyzes the peptide bond
formation between γ-glutamate and cysteine through the enzyme γ-glutamylcysteine ligase
(GCL) forming a dipeptide. In the second energy dependent step the glycine is added to the
dipeptide by glutathione synthetase (GS). In varying tissue GSH can be exported into the
extracellular space. In the liver, extracellular transport of GSH results in elevation of its
levels in plasma and bile through multidrug resistance proteins (MRP) [14].

Plasma GSH levels have been widely considered to act as a more stable and less reactive
source of systemic cysteine [15] which can be utilized via the plasma membrane associated
enzyme γ-glutamyl transpeptidase (GGT) breakdown process. GGT is expressed to different
degrees depending on the tissue, with the kidney expressing one of the highest levels [16].
The high expression of GGT in the kidney is thought to keep the plasma steady-state levels
of GSH low.

In addition to recycling of GSH, there is evidence to suggest that intact GSH can be taken up
via a Na+-dependant transport mechanism. This system has been demonstrated in renal
proximal tubule cells, small intestinal enterocytes, and type II pneumocytes [17–19]. This
uptake of intact GSH in certain cell types is intriguing and provides for an alternative
rationale for the utilization of plasma GSH. GSH uptake independent of synthesis also
suggests that some tissues may be dependent on other organs to supplement GSH directly,
particularly in times of oxidative stress. This may be particularly important for the lung
during acute exposures to oxidants in which case GSH could be rapidly taken up and then
transported into the ELF. This would also indicate that secondary chronic diseases
particularly of the liver, may contribute to the development or progression of lung disease if
the lung depends on a systemic supply of GSH to establish and maintain an adaptive
response.

Apical Transport
The lung maintains high levels of extracellular GSH in the apically located ELF in contrast
to other tissues. The main apical transporter of GSH in the lung is the cystic fibrosis
transmembrane conductance regulator (CFTR, ABCC7) protein, a member of the MRP
family of transporters [20,21]. While there is much debate on the exact mechanism of GSH
transport through CFTR, it is clear in human CFTR deficient epithelial cells and in CFTR
KO mice that the basal apical GSH levels are decreased by as much as 50% [21]. The CFTR
KO mice also have defective GSH adaptive responses to stressors. During a lung infection
with Pseudomonas aeruginosa (PA), the CFTR KO mice do not show the same increase in
ELF GSH as seen in wild type mice [20]. In fact, the CFTR KO mice can only elevate their
ELF GSH levels to that of the basal levels found in wild type mice during a PA infection. A
similar phenomenon is observed with cigarette smoke exposure where CFTR deficient cells
have blunted apical GSH levels compared to wild type cells [22]. CFTR appears to be
involved in maintaining basal ELF GSH levels and is involved at least in part establishing a
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GSH adaptive response. While CFTR is the only known apical transporter of GSH in the
lung, deletion of CFTR does not completely inhibit ELF GSH.

While the study of transporters in relation to lung diseases is still in its infancy, a recent
study has shown that the breast cancer related protein (BCRP, ABCG2) transports GSH, a
previously unknown function [23]. The implication is that there may be many more
identified transporters that have dual functions, which may have direct implications on the
ELF GSH and in turn several lung diseases. Clearly more work is needed in identifying
transporters that may be involved in modulating the ELF GSH levels in the lung.

Role of GSH in protecting the lung
The antioxidant system may be one of the lung’s mechanisms to fine tune the magnitude of
the inflammatory response to environmental triggers and also eventually resolve
inflammatory responses. Many inflammatory responses are associated with increased release
of reactive oxygen and nitrogen species and what better way to sense and control these
mediators than the upregulation and release of antioxidants. GSH is a well studied low
molecular weight thiol antioxidant that has important functions in maintaining a reducing
environment in the lung despite its constant exposure to high ambient oxygen levels.
Although GSH is classically linked to preventing oxidative stress, there is growing evidence
that it may also be involved in modulating proinflammatory cytokine release as well [24].
Existing data suggests that GSH plays such a role in lung inflammatory responses by
modulating a number of transcription factors that regulate inflammatory transcriptomes [25].
It is worth noting that extracellular and in some cases intracellular GSH levels are often
abnormal in many chronic lung diseases and disorders (Figure 1).

Lung inflammation
Although GSH is not typically linked to immune responses, there is mounting evidence
suggesting that GSH levels can modulate the amount and extent of proinflammatory
cytokine release. Proinflammatory cytokines and chemokines like tumor necrosis factor
alpha (TNFα) and interleukin-8 (IL-8) are commonly measured markers of inflammation in
the airways. Alveolar type II cells release TNFα and IL-8 upon challenge with bacterial
endotoxin and manipulation of intracellular GSH levels by either depletion using buthionine
sulfoximine (BSO) or supplementation using glutamine results in increasing or decreasing
the levels of TNFα and IL-8 released, respectively [24].

A casual relationship between lung GSH status and cytokine release is revealed among
many common clinical lung diseases associated with chronic inflammation. A common lung
disease associated with chronic inflammation is chronic obstructive pulmonary disease
(COPD). In the airways of patients with late stage COPD and during exacerbations, the BAL
IL-8 levels are significantly elevated while BAL GSH levels are significantly decreased
[26]. Another example occurs with aging. Although aging is not a disease in the typical
definition, there are correlated changes in both airway inflammation and ELF GSH with age
[27]. During normal aging, the ELF GSH declines by as much as 50% compared to young
controls, while at the same time there are increases in basal levels of TNFα in the airways.
In addition, when aged mice are stressed by cigarette smoke, the resulting inflammatory
response is exacerbated in the aged mice with lower ELF GSH as compared to the young
mice. Aging is also a well characterized risk factor in the development of COPD [28]. These
studies provide a rationale for targeting the mechanisms the lung uses to regulate intra and
extracellular GSH as potential therapies to modulate and possibly shut off excessive
inflammation processes that drive many lung diseases. While there are clear correlations
between GSH and cytokine release, the exact mechanism by which this occurs, and any
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cross talk between GSH pathways and cytokine pathways, or whether other antioxidants can
also have effects on inflammation directly has not fully been elucidated.

Lung Oxidation
Contrary to the role that GSH plays in inflammatory pathways, the role that GSH has in
oxidation pathways has been investigated for decades. GSH can detoxify a wide range of
pro-oxidants either through an enzymatic or direct reaction. GSH is a sulphydryl containing
nucleophile that can react with a broad range of ROS, often resulting in less reactive species
and oxidized glutathione (GSSG). The fact that GSH has a broad ability to react with
oxidants is an important aspect in the ELF. An imbalance between proteases and protease
inhibitors has been hypothesized to be important mechanisms in the development of
cigarette smoke induced emphysema [29]. Under normal circumstances smokers have
elevated ELF GSH levels, but as they age or develop disease ELF GSH levels decline. The
decline in ELF GSH can lead to antiproteases including, alpha-1-antitrypsin, alpha-2-
macroglobulin, and secretory leukoprotease inhibitor (SLPI), becoming oxidized resulting in
decreased activity and a proteolytic imbalance and potential lung destruction and loss of
lung function [30,31]. For these types of studies the underlying factor is the ability to
establish and maintain high levels of GSH in the ELF to detoxify the inhaled oxidants in
cigarette smoke, thus protecting the resident antiproteases from oxidant deactivation. This
field of research further highlights the important role of ELF GSH, and the importance of
establishing and maintaining an adequate glutathione adaptive response to oxidant
challenges.

Lung conditions associated with ELF GSH deficiency
Chronic obstructive pulmonary disease (COPD)

COPD is a disease characterized by the limitation in air flow in the lungs that is not fully
reversible with bronchodilators. Both chronic bronchitis and emphysema are forms of
COPD [32]. The main cause of COPD is chronic cigarette smoking, where nearly 90% of
COPD cases can be attributed to smoking. Yet, only 20% of chronic cigarette smokers
actually develop COPD [33,34]. Cigarette smoke causes increases in ELF GSH, yet as
COPD develops and progresses the ELF GSH tends to decline below normal levels [26].
This decline in ELF GSH makes individuals with moderate to severe COPD have increased
inflammation and oxidative stress in their lungs. An interesting possibility is whether the
chronic cigarette smokers that go on to develop lung disease are those who fail to develop an
adequate antioxidant response or have marginal antioxidant responses which fall below a
threshold during aging (Figure 1).

Aging
Although aging is not thought of as a disease, the normal process of aging does negatively
impact the lung. Aging is associated with a gradual loss of lung function [35]. As individuals
age they become more susceptible to a number of lung diseases, and it has been shown that
in some individuals an emphysema-like phenotype can arise in the lung [36]. In models of
aging there is a 50% decline in GSH levels in the liver, plasma, and lung tissues of aged
rodents, as well as a 50% decline in ELF GSH [27,37]. This decline stems from a decreased
synthesis capacity as well as decreased Nrf2 nuclear translocation, a major contributor to the
antioxidant adaptive and basal responses [38]. This global decline in antioxidant capacity
leads to increased BALF proinflammatory cytokines, increased susceptibility to oxidants,
and increased risk of developing a number of lung diseases.
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Cystic Fibrosis (CF)
CF is a disease caused by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) protein. Individuals with this disease have little to no expression of
functional CFTR. CFTR was originally identified as a chloride conductance channel which
is also an apically expressed ATP binding cassette (ABC) transporter that is involved in the
maintenance of ELF GSH. In CFTR KO mice, basal ELF GSH levels are roughly 50% of
normal, and the capacity to increase ELF GSH also compromised [20]. The loss of CFTR
has a stimulatory effect on the epithelial sodium channels (ENaC) in the airways which lead
to increased sodium reabsorbtion effectively causing thick the hallmark thick mucus
secretions which are an ideal environment for bacterial colonization [39]. The hallmark of
CF lung disease is a persistent bacterial colonization of the lung with high numbers of
neutrophils in the BAL [40]. Neutrophils are a major source of myeloperoxidase which
produces a number of reactive species including the strong oxidizing agent hypochlorite
[41].

The low basal ELF GSH in the CF lung along with the increase in neutrophil-mediated
oxidative stress sets the stage for chronic inflammatory responses that contribute to the lung
pathophysiology characteristic of this disease. It is interesting that normal mice respond to
bacterial infections by elevating their ELF GSH levels and this ability is greatly impaired in
CFTR KO mice. CF disease is a good example of how GSH adaptive responses are impaired
due to a genetic defect in a GSH apical transporter that results in chronic inflammation and
oxidative stress in the lung which is a major factor in the mortality and morbidity of this
fatal genetic disease (Figure 1).

Idiopathic pulmonary fibrosis (IPF)
IPF is a disease characterized by excess remodeling, collagen deposition, and fibrosis within
the parenchyma of the lung. The exact cause of IPF is not well understood but it is believed
to be a combination of endogenous and exogenous stimuli that can adversely affect the
alveoli [42]. In turn there may also be an abnormal repair process that leads to excessive
scarring within the lung. While inflammation is typically low in individuals with IPF,
excessive oxidative stress has been seen. In the BALF of patients with IPF there is a shift in
the redox status of GSH with a higher degree of GSSG in the airways and lower basal levels
of GSH [43]. In addition, BAL cells recovered from patients with IPF have shown increased
levels of superoxide release and iNOS expression [44].

Recent data suggests that growth factors such as TGF-β can also modulate GSH biosynthesis
in the lung. TGF-β is secreted as an inactive form that can be activated by proteases and
reactive oxygen species. Dysregulation of TGF-β signaling has been heavily implicated in
the fibrotic processes associated with IPF [45]. A number of studies have suggested that the
excessive levels of active TGF-β create an imbalance by lowering both intracellular and
extracellular levels of GSH in the lung [46]. TGF-β is thought to do this by negatively
regulating γ-GCL expression resulting in low GSH levels and chronic lung oxidative stress
which further drives TGF-β activation [47]. TGF-β can decrease intracellular GSH in
fibroblasts which is associated with increases in collagen production, a hallmark of lung
fibrosis [48]. This effect could be mitigated by restoration of intracellular GSH by applying
exogenous GSH ester. IPF is a lung disease that has a strong association with an abnormal
GSH response in the disease process (Figure 1).

Gould and Day Page 6

Biochem Pharmacol. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Therapeutic approaches to ELF GSH deficiency
Oral GSH

GSH levels can readily be altered depending on a number of factors including diet and
supplements. One therapeutic approach to increasing GSH levels has focused on orally
administered GSH. A high dose of exogenous GSH has previously been shown to have some
bioavailability when administered through an oral route and can increase plasma, lung tissue
and ELF GSH levels [49,50]. When mice are administered 300 mg/kg oral GSH, the ELF
GSH peaks at roughly 800 μM within 60 min, a 4-fold increase over control levels [21].
Since there are a number of diseases that have characteristically low ELF GSH levels
including advanced COPD, IPF, and ARDS; being able to modulate ELF GSH levels could
be a powerful tool in improving quality of life for these individuals. However studies in
humans administered lower concentrations of GSH did not find increases in GSH levels in
the plasma (Table 2). Some issues with oral GSH administration are the short apparent half-
life with increases in GSH occurring very rapidly, between 60–120 min, and return to basal
levels within 4h. While increasing GSH levels through an oral route may help fight acute
inflammation and oxidative stress, the transient nature of the increase does not lend itself
well to the long term treatment of diseases. In addition, the availability of oral GSH is
dependent on transporter expression to take up the GSH and transport it into the ELF, and
individuals with transporter deficiencies like CF might not benefit from oral GSH delivery.

Aerosolized GSH
Since oral routes of GSH are dependent on transport and bioavailability issues, direct
administration of aerosolized GSH has been examined in lung diseases such as COPD, IPF
and CF [51] (Table 2). While this route seems to be the most direct, especially for treatment
of lung diseases, there are still large doses administered, typically in the range of 600–1200
mg per day. While some clinical trials have shown positive effects of aerosolized GSH as
measured by decreased superoxide release from alveolar macrophages, there have been very
few positive results on lung function [44]. One study that examined CF patients
administered aerosolized GSH have reported positive trends for GSH benefitting measures
of FEV but significance was not reached due to low numbers of participants [51]. Another
study of inhaled GSH in CF subjects did see any improvements in markers of inflammatory
cytokines in the BALF but there was no measure of lung function [52]. While there are
studies examining other cohorts of individuals with CF and IPF, there is no clear data on the
benefits of aerosolized GSH. In several studies on individuals with CF or IPF, aerosolized
GSH was shown to increase total ELF glutathione, but many of these increases were due to
large increases in GSSG rather than GSH [44]. Increasing levels of GSSG in the ELF could
actually counteract any therapeutic beneficial effect by decreasing the redox status of the
ELF. In addition, large increases in GSSG in the airways could result in higher levels of
oxidative stress leading to increased airway reactivity.

Oral N-acetylcysteine
N-acetylcysteine (NAC) can act as a thiol donor and as a precursor of cysteine for the
synthesis of GSH. NAC has been shown to have some antioxidant effects of its own. As a
precursor, NAC doesn’t have to be broken down or transported whole like GSH when given
orally. The efficacy of oral NAC has been examined in individuals with COPD, IPF, and
fibrosing alveolitis with varying degrees of success [53–55] (Table 2). In both COPD and
IPF there were significant increases in ELF GSH, but absorption became a problem in the
COPD patients. In patients with fibrosing alveolitis, the authors a trend toward improved
lung function, measured as increased vital capacity and total lung capacity after 12 weeks of
NAC treatment [54]. While there is some data available on the benefits of NAC on lung
disease, some of it is conflicting and seems to be disease dependant. In addition, the same
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issues that plague oral GSH as a therapy hamper NAC, mainly the high doses (600–1800
mg/day), poor bioavailability, and the transient nature of the increases of either cysteine or
GSH.

Aerosolized NAC
NAC has also been directly administration to the lung through aerosolized delivery. In mice
subjected to belomycin induced lung fibrosis, aerosolized NAC showed marked
improvements by decreasing the levels of airway chemokines as well as diminished lung
fibrosis [56]. In clinical data, the effects have not been as promising (Table 2). In a pilot
study of individuals with IPF, no significant differences in pulmonary function or quality of
life were observed with inhaled NAC therapy [57].

Nrf2 inducers
A number of phase II antioxidant enzymes are controlled by the Nrf2 transcription factor,
thus Nrf2 has become an attractive target to raise GSH levels and decrease inflammation.
Sulforaphane, an isothiocyanate compound that is derived from cruciferous vegetables, has
been shown to be an inducer of antioxidant response elements (ARE) that are typically
upstream of many antioxidant genes including GCL, heme oxygenase-1, and NADPH
quinine oxoreductase-1 [58]. Sulforaphane has been shown to be effective at inhibiting
inflammatory cytokine release in airway cells [59]. While sulforaphane has shown positive
effects in vitro studies, and many suggest that it may be beneficial in diseases like COPD,
much of the focus on Nrf2 activators has shifted to synthetic triterpenoids.

The triterpenoid class of Nrf2 activators has been shown to be much more potent at
activating Nrf2 and ARE than naturally derived compounds [60]. Various similar
triterpenoids have been shown to be effective at decreasing inflammation in models of CF,
emphysema, and hyperoxia induced lung injury [61–63]. They have also been shown to be
effective at blocking TGF-β signaling, which would suggest that it may be effective for IPF
[64]. Overall, the targeting of Nrf2 is an attractive prospect that would raise GSH levels and
other antioxidant enzymes in a longer lasting fashion compared to thiol administration.
While there is much research going into these types of compounds, most of the research is
directed towards anticancer efficacy. Efficacy in clinical trials directed towards lung
diseases like COPD, CF, or IPF have not yet been reported.

Conclusion
In summary, the ability to maintain proper levels of ELF antioxidants, primarily GSH, is a
critical ability that is deficient or defective in many lung diseases. There is a dysregulation
of ELF GSH in a number of diseases that can have profound effects on the ability to raise
ELF GSH when the lung is stressed. There is promising, yet conflicting data on the benefits
of either NAC or GSH as a viable therapy at raising ELF GSH and might be more beneficial
for acute inflammation or oxidative stress due to the transient increases in GSH that are
observed. While these therapies may not be as beneficial for chronic illnesses, this type of
work is still important and highlights the potential benefits of drugs that can induce a longer
lasting elevation in lung GSH.

Abbreviations

BSO L-buthionine sulfoximine

γ-GCL γ-glutamylcysteine ligase

GSH glutathione
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MRP multi-drug resistant protein

ELF epithelial lining fluid

BALF bronchoalveolar lavage fluid

SOD superoxide dismutase

IPF idiopathic pulmonary fibrosis

ARDS acute respiratory distress syndrome

CF cystic fibrosis

COPD chronic obstructive pulmonary disease

GCL γ-glutamylcysteine ligase

GGT γ-glutamyl transpeptidase

ABC ATP binding cassette proteins

MRP multidrug resistance protein

CFTR cystic fibrosis transmembrane conductance regulator

ENaC Epithelial sodium channel

PA Pseudomonas aeruginosa

BCRP breast cancer related protein

GSSG glutathione disulfide

NAC N-acetylcysteine

ARE antioxidant response element
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Figure 1.
Several examples of maladaptive GSH responses in lung disease states. In Cystic Fibrosis
lung disease, infections drive GSH adaptive responses, yet due to the CFTR mutation there
is an inability to transport GSH into the ELF. In COPD and aging, chronic cigarette smoke
drives GSH adaptive responses, however aging adversely affects Nrf2 activation which
leads to deficient enzyme production and decreased intracellular GSH and well as decreased
ELF GSH. In lung fibrosis, exaggerated TGF-β production in the airways produces affects
on poorly identified transcriptional events leading to decreased γGCL levels and GSH
synthesis.
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Table 1

Reported ELF GSH levels in various disease states and the percent change from normal levels of the same
study.*

ELF GSH levels (μM)

Normal Patients Change Reference

Cigarette smokers 429 ±34 775 ±119 +55% [7]

Chronic Obstructive pulmonary disease (COPD) 114 ±44.5 72 ±24⧧ −40% [65]

Idopathic pulmonary diease (IPF) 429 ±34 97 ±18 −80% [43]

Acute respiratory distress syndrome (ARDS) 91.8 ±14.5 21.7 ±7.8 −80% [66]

Lung transplant 302 ±40.8 94.0 ±9.7 −70% [67]

Cystic Fibrosis 278 ±21 92 ±14 −70% [68]

HIV 689 ±100.4 397 ±52.7 −50% [69]

⧧
ELF estimate based on similar dilution factor as normal values

*
Data reported as mean ± SE in μM concentration of ELF GSH
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