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It is established that cigarette smoke (CS) causes irreversible oxida-
tions in lung epithelial cells, and can lead to their death. However, its
impact on reversible and physiologically relevant redox-dependent
protein modifications remains to be investigated. Glutathione is an
important antioxidant against inhaled reactive oxygen species as
a direct scavenger, but it can also covalently bind protein thiols upon
mild oxidative stress to protect them against irreversible oxidation.
This posttranslational modification, known as S-glutathionylation,
can be reversed under physiological conditions by the enzyme,
glutaredoxin 1 (Grx1). The aim of this study was to investigate if
CS modifies Grx1, and if this impacts on protein S-glutathionylation
and epithelial cell death. Upon exposure of alveolar epithelial cells to
CS extract (CSE), a decrease in Grx1 mRNA and protein expression
was observed, in conjunction with decreased activity and increased
protein S-glutathionylation. Using mass spectrometry, irreversible
oxidation of recombinant Grx1 by CSE and acrolein was demon-
strated, which was associated with attenuated enzyme activity.
Furthermore, carbonylation of Grx1 in epithelial cells after exposure
to CSE was shown. Overexpression of Grx1 attenuated CSE-induced
increases in protein S-glutathionylation and increased survival.
Conversely, primary tracheal epithelial cells of mice lacking Grx1
were more sensitive to CS-induced cell death, with corresponding
increases in protein S-glutathionylation. These results show that CS
can modulate Grx1, not only at the expression level, but can also
directly modify Grx1 itself, decreasing its activity. These findings
demonstrate a role for the Grx1/S-glutathionylation redox system in
CS-induced lung epithelial cell death.
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Chronic obstructive pulmonary disease (COPD) is a leading
cause of morbidity and mortality in the United States (1) that is
mainly caused by cigarette smoking. Cigarette smoke (CS)
contains 1016 free radicals per cigarette (2), including reactive
oxygen species (ROS) and reactive nitrogen species. Inhalation
of these oxidants in combination with the production of ROS/
reactive nitrogen species by macrophages and neutrophils leads
to oxidative stress. Oxidants in CS can cause direct cellular
damage by lipid peroxidation (3), DNA damage (4), and
irreversible protein oxidations (5, 6).

The pulmonary epithelium is equipped with lining fluid that
contains high concentrations of glutathione (GSH) (7), which is
an important antioxidant against inhaled ROS. CS is known to
acutely deplete GSH, thereby decreasing the lung’s antioxidant
capacity and making it vulnerable to oxidant-induced injury.
As an adaptive response to oxidative stress, such as in smokers,
GSH levels increase in the epithelial lining fluid due to up-
regulation of the rate-limiting enzyme in GSH synthesis,
g-glutamylcysteine ligase (8). GSH, in concert with its redox
cycle partners, serves to maintain the reduced state of protein
thiol groups. This can be achieved by direct scavenging of
oxidants, or by covalently and reversibly binding protein thiols.
The latter formation of mixed disulfides between protein thiols
and GSH occurs under physiological conditions, can be induced
upon mild oxidative stress, and is known as S-glutathionylation
or S-glutathiolation. S-glutathionylation is believed to protect
its targeted protein thiols from further irreversible oxidations.
In addition, S-glutathionylation can modulate protein function.
For instance, our laboratory previously described the inhibition
of inhibitory kB kinase b activity, the enzyme responsible for
NF-kB activation under proinflammatory conditions, through
S-glutathionylation of cysteine 179 after oxidative challenge of
lung epithelial cells (9).

Under physiological conditions, S-glutathionylation can be
reduced by glutaredoxins (Grxs) (10). Several mammalian Grxs
have been identified. Grx1 localizes primarily to the cytosol,
whereas Grx2 is present in mitochondria and the nucleus.
Recently, Grx3 has gained interest for its altered expression
in lung cancer, although this isoform does not exhibit degluta-
thionylation activity (11).

In the lungs, Grx1 expression is predominant in macro-
phages and bronchial epithelium, and has been shown to be
altered in allergic airway disease (12), COPD (13), and after
acute exposure to LPS (14). So far, little is known about the
regulation of Grx expression. In the context of COPD, for
instance, it is unknown if CS itself influences Grx expression
or can modify its activity. Moreover, the effects of CS on
protein S-glutathionylation remain to be determined. The aim
of this study was, therefore, to investigate the effects of CS on
the Grx/protein S-glutathionylation axis in lung epithelial
cells, and, furthermore, to investigate their role in CS-induced
cell death.

CLINICAL RELEVANCE

Cigarette smoke extract (CSE) was found to decrease
glutaredoxin 1 (Grx1) expression and increase protein
S-glutathionylation. These alterations were shown to be
involved in CSE-induced epithelial cell death. Grx1 could
therefore help to prevent cell death and potentially the
development of emphysema.
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MATERIALS AND METHODS

Cell Culture

A human transformed alveolar epithelial cell line, A549, was obtained
from the American Type Culture Collection (Manassas, VA) and cultured
in RPMI 1,640 (Gibco, Grand Island, NY) containing 10% FBS
(Biochrome, Berlin, Germany), L-glutamine (2 mM), and penicillin/
streptomycin (Invitrogen, Grand Island, NY). At 24 hours before
stimulation, cells were cultured in Dulbecco’s modified Eagle me-
dium/F12 without phenol red and 0.5% FBS.

Glrx12/2 mice (a kind gift of Dr. Y.-S. Ho, Wayne State University,
Detroit, MI), and their control littermates were used to isolate primary
tracheal epithelial (MTE) cells, as described previously (15), with minor
modifications (16). Cells were cultured in full medium lacking phenol red
for 24 hours before stimulation. The University of Vermont Institutional
Animal Care and Use Committee granted approval for all procedures.

CS Extract

3R4F Research Cigarettes (University of Kentucky, Lexington, KY)
were removed from their filters and CS extract (CSE) was made as
previously described (17).

Grx1 Luciferase Reporter Assay

Transient transfections were performed using Fugene (Roche, Indianapolis,
IN) according to the manufacturer’s instructions using 1.75 mg human
Grx1 promotor luciferase plasmid (kindly provided by Dr. J. Park,
U.S Department of Agriculture). Cotransfection with 0.25 mg pSV-b-
galactosidase was employed to correct for differences in transfection ef-
ficiency. Luciferase (Promega, Madison, WI) and b-galactosidase
(Tropix, Bedford, MA) activity were measured according to the manu-
facturer’s instructions.

Grx1 Activity Assay

Grx1 activity assay was performed as previously described (18). Data are
expressed as micromoles NADPH per minute per milligram protein (19).

Grx1 Catalyzed Cysteine Derivatization for In Situ Detection

of S-Glutathionylated Proteins

S-glutathionylated proteins were detected in cells as described pre-
viously (16).

Quantitative Determination of Protein S-Glutathionylation

Using 5,59-Dithio-Bis(2-Nitrobenzoic Acid)

Cells were lysed in 137 mM Tris-HCl (pH 8.0), 130 mM NaCl, and 1%
NP-40 and cleared by centrifugation. Protein (200 mg) was acetone
precipitated for 20 minutes at 2208C and then resuspended and son-
icated in extraction buffer. Furthermore, the determination of protein
S-glutathionylation was conducted as described previously (20).

Mass Spectrometry

Recombinant Grx1 was incubated for 24 hours at room temperature in
the dark in 0.1% trifluoroacetic acid with 2.5 or 5% CSE, or equimolar
concentrations of acrolein. For mass spectrometric analysis, 1 ml of re-
combinant Grx1 (10 pmol/ml) and 1 ml matrix solution (10 mg/ml
sinapinic acid in 40% acetonitrile/0.1% trifluoroacetic acid) were spotted
on a 384-well target plate of a matrix-assisted laser desorption/ionization
(MALDI)–tandem time-of-flight (4,800 MALDI tandem time-of-flight
analyzer; Applied Biosystems, Foster City, CA). The instrument was
operated in positive linear mode, mid–mass range. Acquisition mass
range was 10,000–15,000 Da.

Detection of Grx1 Carbonylation In Vitro

Grx1 was immunoprecipitated from A549 cells and carbonyls were
derivatized using an oxyblot kit (Millipore, Billerica, MA). Carbonylation
of Grx1 was visualized on an SDS-PAGE gel using the DNP antibody.

Assessment of Cell Viability

Cells were harvested by trypsinization, pelleted, and washed twice with
PBS. Next, propidium iodide (1 mg/ml) was added, and cell viability
was assessed by flow cytometry.

RESULTS

CSE Down-Regulates Grx1 Expression

To investigate the effect of CS on Grx1 expression, we first
exposed A549 cells transiently expressing a human Grx1
promotor luciferase construct to CSE and measured Grx1
promoter activity using a luciferase assay. Results in Figure
1A demonstrate that b-galactosidase–corrected Grx1 luciferase
activity was dose-dependently inhibited by treatment with
CSE for 48 hours. Significant attenuation of Grx1 promoter
activity was also observed after 24 hours of exposure to 2.5%
CSE, but not after 4 hours (Figure 1B). Grx1 mRNA (Figure
1C) was negatively affected by 5% CSE after both 24 and
48 hours of exposure. In contrast, no significant alterations in
the expression of Grx2 mRNA were observed (data not shown).
Protein levels of Grx1 were decreased upon CSE exposure in
A549 cells (Figure 1D, left), as well as in MTE cells (Figure 1D,
right).

Grx Activity Is Attenuated and Protein S-Glutathionylation

Increased by CSE Exposure

Because of the observed attenuation of Grx1 expression by
CSE, we next assessed Grx activity and protein S-glutathiony-
lation in A549 and MTE cells. As expected, Grx activity was
attenuated by 2.5 and 5% CSE in A549 cells after 24 and
48 hours, although not significantly (Figure 2A, left), in
agreement with results on mRNA and protein expression. In
MTE cells, Grx1 activity also decreased after 48 hours, but not
24 hours of exposure to 0.5% CSE (Figure 2A, right). We next
assessed the impact of decreased Grx levels and activity on the
overall content of cellular protein S-glutathionylation. Results
in the left panel of Figure 2B demonstrate that protein
S-glutathionylation was augmented after CSE exposure in
a dose- and time-dependent fashion in A549 cells. MTE cells
showed a significant induction of S-glutathionylated proteins
only after 48 hours of CSE exposure (Figure 2B, right),
coinciding with the decreased activity at this time point.
CSE-induced increases in protein S-glutathionylation were
corroborated by in situ detection of S-glutathionylated pro-
teins using Grx1-catalyzed cysteine derivatization in MTE
cells stimulated with 0.5% CSE for 48 hours (Figure 2C).
Total free GSH in A549 cells was measured using the DTNB
recycling method, showed 50% depletion of GSH upon
stimulation with 5% CSE for 24 and 48 hours (data not
shown). This attenuation of free GSH levels occurs in con-
junction with enhanced protein S-glutathionylation.

Modulation of Grx1 Protein by CS

A recent study demonstrated that Grx1 can be oxidized and
inhibited by a variety of oxidants (21). To investigate whether
CS could directly modify the Grx1 protein, we incubated
recombinant human Grx1 with 2.5 and 5% CSE for 24 hours
and assessed mass modifications by MALDI-TOF mass spec-
trometry, as well as Grx activity. Incubation of Grx1 with 2.5%
CSE resulted in a mass addition of approximately 58 Da
compared with untreated protein (Figure 3A). This mass
addition occurred in a concentration-dependent manner, as
incubation with 5% CSE further increased the presence of the
modified protein to 63.5%, and was nonreversible by DTT
(Table 1). Moreover, mass addition did not occur after pre-
incubation of Grx1 with the cysteine alkylating agent, N-ethyl-
maleimide (data not shown), implying that the mass addition
occurs on a cysteine residue. Acrolein is a 58-Da, highly
oxidative component of CS, which is reactive toward cysteine
residues. We next incubated recombinant Grx1 with an equi-

932 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 45 2011



molar amount of acrolein to assess whether the mass addition
observed after incubation with CSE could be due to acrolein
present in CSE. Indeed, here we also detected a DTT-irreversible
mass addition of 58 Da (Table 1). Addition of 116 Da, indicative of
oxidation of two cysteine residues by acrolein, could also be found
in Grx1 using higher concentration of CSE or acrolein (Table 1).
Incubation of recombinant Grx1 with CSE dose dependently
attenuated its activity in a DTT-irreversible fashion, and similar
effects were observed after exposure to acrolein (Figure 3B).

To investigate whether oxidation of Grx1 also occurs in cells,
Grx1 was immunoprecipitated form A549 cells stimulated with
CSE for 48 hours. Carbonylation of Grx1 was then investigated
using an oxyblot kit. Results in Figure 3C indicate that 2.5 and
5% CSE exposure resulted in carbonylation of Grx1, demon-
strating that Grx1 is not only oxidized by CSE in a cell-free
environment, but that oxidation of Grx1 also takes place in
epithelial cells. As a positive control, recombinant Grx1 ex-
posed to CSE was derivatized, showing carbonylation as well.

Effect of Grx1 Modulation on CS-Induced Protein

S-Glutathionylation and Epithelial Cell Death

We next sought to investigate whether the observed attenuation
of Grx1 by CSE is linked to CSE-induced cell death. We
therefore first exposed A549 cells that were transiently trans-

fected with Flag-tagged Grx1 to CSE. In plasmid CMV promo-
tor DNA-transfected cells, CSE dose dependently induced cell
death. After 24 hours, cells overexpressing Grx1 demonstrated
significant protection against CSE-induced cell death at high
doses of CSE. Moreover, transfection with 1 mg Flag-Grx1 offered
better protection compared with transfection with 0.5 mg (Figure
4A). In agreement with Figure 2B, CSE increased total protein
S-glutathionylation in plasmid CMV promotor DNA-transfected
cells. Flag-Grx1 overexpression, however, provided protection
against smoke-induced S-glutathionylation in a dose-dependent
manner (Figure 4B).

To investigate further the importance of Grx1 in CS-induced
cell death, MTE cells isolated from Glrx12/2 mice were used. MTE
cells, in general, were more sensitive to CSE-induced cell death
compared with A549 cells, as marked death was observed with
concentrations as low as 1%. MTE cells lacking Glrx1 demon-
strated significantly more cell death compared with cells isolated
from control littermates at all doses of CSE tested (Figure 5A).
Furthermore, total protein S-glutathionylation was only increased
in cells isolated from Glrx12/2 mice using 1% CSE (Figure 5B).

Taken together, these data indicate that the decreased content
and activity of Grx1 after CSE exposure is indeed responsible for
observed increases in total protein S-glutathionylation, and con-
tributes to CSE-induced death of lung epithelial cells.

Figure 1. Cigarette smoke extract (CSE) down-regulates
glutaredoxin 1 (Grx1) expression. A549 cells were tran-

siently transfected with a human Grx1 promotor luciferase

construct and b-galactosidase and exposed to CSE. (A)

Cells were treated for 48 hours with indicated doses of
CSE and luciferase activity was measured and corrected for

b-galactosidase. (B) Cells were control treated (closed

bars) or exposed to 2.5% CSE (shaded bars). After 4, 24,

and 48 hours luciferase activity was measured and cor-
rected for b-galactosidase. (C ) A549 cells were control

treated (closed bars) or exposed to 5% CSE (shaded bars)

and expression of Grx1 mRNA was measured by QPCR

and corrected for HPRT. Data are expressed as fold-
change over control treated cells at 24 hours. (D) Protein

expression of Grx1 was determined by Western blotting in

A549 cells (left panel) and in primary MTE cells exposed to
CSE (right panel). The level of b-actin was measured as

a loading control. *P , 0.05 compared with untreated

controls, analyzed by ANOVA.
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DISCUSSION

Previous research regarding CS-induced oxidative stress has
focused on irreversible oxidations linked to damage, while ig-
noring the effects of CS on physiologically relevant oxidations
that can reversibly modify function. The objective of the present
study, therefore, was to investigate whether CS can cause
changes in protein S-glutathionylation, an oxidation that can
be reversed by Grxs, and if changes in this S-glutathionylation–
Grx1 redox system play a role in epithelial cell death provoked
by CS.

This is the first report to demonstrate attenuation of Grx1
expression and Grx activity by CSE, in concert with increased
protein S-glutathionylation in lung epithelial cells. In patients
with COPD, it has been shown that the number of Grx1-
positive macrophages was decreased in the lungs, along with
decreases in Grx1 protein levels in whole-lung homogenates. In
contrast, in sputum supernatants, more Grx1 was detected
during acute exacerbations (13). Protein S-glutathionylation
was not investigated in the latter study, but elevated levels
were reported in blood samples of smokers compared with
nonsmokers (22). The present study in cell culture models
confirms results of the previous reports regarding the modula-
tion of Grx1 expression and protein S-glutathionylation in
patients with COPD and healthy smokers. However, CS
probably did not directly affect mRNA expression of Grx1, as
attenuated levels of Grx1 mRNA could only be observed after
at least 24 hours of exposure. It would appear more likely that
CS acts on signaling pathways that modulate transcription

factors that, in turn, regulate Grx1 mRNA expression. In-
terestingly, the decreased expression of Grx1 observed after
transforming growth factor (TGF)–b treatment also occurred
only after 24 hours (mRNA [12]) or 72 hours (protein [23]). The
signaling intermediates and transcription factors involved in the
modulation of Grx1 mRNA remain to be investigated. There is
only a single study regarding potentially important transcription
factor binding sites and regulatory regions in the human Grx1
promoter (24), both of which need to be evaluated in detail in
future research. CSE and TGF-b both down-regulate Grx1
mRNA expression, which, for TGF-b, appears to fit into
a general repressive effect on antioxidant genes, whereas this
is not the case for smoke. No effects of CS on Grx2 mRNA
were observed, which is in line with previous studies in which
only levels of Grx1, but not of Grx2, were affected (12). It is,
however, possible that the activity of Grx2 is altered by smoke
exposure, as this isoform is activated when the active site is
opened up upon monomerization, which can be accomplished
by oxidation (25). Furthermore, the activity assay used here
does not distinguish between the different isoforms. Together,
these observations could explain why the strong effects ob-
served on Grx1 expression and on recombinant Grx1 activity
after CSE exposure do not translate into equally strong effects
on total cellular Grx activity.

In addition to the attenuated expression of Grx1 in response
to CSE exposure, we observed elevated levels of Grx1 mRNA,
protein, and activity in control cells over time in culture.
Accordingly, protein S-glutathionylation levels were also de-

Figure 2. Grx activity is attenuated and protein

S-glutathionylation increased by CS. A549 cells

were control treated (closed bars), exposed to
2.5% (shaded bars) or 5% (open bars) CSE. After

24 and 48 hours Grx activity (A, left panel ) and

protein S-glutathionylation (B, left panel ) were

measured. MTE cells were control treated
(closed bars) or exposed to 0.5% CSE (shaded

bars) for 24 and 48 hours and Grx activity (A,

right panel ) and protein S-glutathionylation

(B, right panel ) were measured. (C ) Protein
S-glutathionylation was visualized using Grx1-

catalyzed cysteine derivatization in primary

MTE cells treated for 48 hours with 0.5% CSE.

2GSH, omission of glutathione (GSH) in the
Grx1 reduction mix as a negative control. *P ,

0.05 compared with untreated controls, ana-

lyzed by ANOVA.
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creased over time in culture. Some previous reports have linked
Grx1 to cell proliferation. For instance, the enzyme was first
discovered as an alternative electron donor for ribonucleotide
reductase in Escherichia coli, an enzyme essential to DNA
synthesis in proliferating cells (26). In addition, Grx1 has been
shown to control actin S-glutathionylation and its polymerization
status after growth factor stimulation, which was postulated to
play a role in the formation of signal transduction scaffolds and the
cellular response to growth factors (27). The increased levels of
Grx1 in culture over time could potentially be linked to pro-
liferation, as the experiments were performed at subconfluency,
and minor proliferation could still be observed using 0.5% FBS.

In the present study, we show that CS not only attenuated
Grx1 expression, but that the Grx1 protein itself was modified
by CSE, thereby decreasing its activity (Figures 3A and 3C and
Table 1). It was determined that CSE exposure resulted in Grx1
adduct formation through both alkylation by acrolein and
carbonylation. Acrolein is the most highly oxidative compound
in CS, and is known to irreversibly bind proteins, probing them
for rapid proteolytic degradation (6). It is therefore plausible
that alkylation of Grx1 leads to proteolytic degradation, a sce-

nario that needs to be formally tested. Nonetheless, results from
the present study demonstrate that CS targets Grx1 via multiple
mechanisms, which has implications for cell survival.

Cysteines with a low acid dissociation constant are prone
to S-glutathionylation upon mild oxidative stress, and when

Figure 3. Modulation of Grx1 protein by CS. (A)

Recombinant human Grx1 control (left spectrum), or
exposed to 2.5% CSE (right spectrum) for 24 hours at

room temperature and analyzed by matrix-assisted laser

desorption/ionization (MALDI)–time-of-flight (TOF) mass

spectrometry. Numbers in spectra indicate the mass of the
product. (B ) Assessment of recombinant Grx1 activity

after 24 hours of treatments. (C ) Carbonylation of immu-

noprecipitated Grx1 from lysates of A549 cells. Negative
derivatization control for recombinant Grx1 (rGrx1) and

Grx1 immunoprecipitated from lysates (IP Grx1) exposed

to CSE. Derivatization of recombinant Grx1 exposed to

CSE and control in the last two lanes. *P , 0.05 compared
with untreated control, analyzed by ANOVA.

TABLE 1. PERCENTAGE OF RECOMBINANT GLUTAREDOXIN 1
THAT IS MODIFIED BY EITHER CIGARETTE SMOKE EXTRACT OR
PURIFIED ACROLEIN IN AN EQUIMOLAR CONCENTRATION OF
THE RECOMBINANT PROTEIN*

% Unmodified

% Addition

of 58 Da

% Addition

of 116 Da

Grx1 untreated 100 — —

Grx1 1 2.5% CSE 61.1 33.4 5.5

Grx1 1 5% CSE 36.5 53.3 10.2

Grx1 1 5% CSE 1 DTT 30.2 58.1 11.7

Grx1 1acrolein equimolar — 83.3 16.7

Grx1 1acrolein equimolar 1 DTT — 84.7 15.3

Definition of abbreviations: CSE, cigarette smoke extract; Grx1, glutaredoxin 1.

* Both conditions show no changes when preincubated with DTT.
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S-glutathionylation occurs at a critical cysteine, this can modify
the activity and conformation of the targeted protein. In the
present study, we demonstrate that CS exposure enhanced total
levels of protein S-glutathionylation (Figures 2B and 2C). Further
studies are needed to investigate which particular proteins are
targeted by S-glutathionylation. The function of proteins poten-
tially involved in disease pathogenesis, such as inhibitory kB kinase
b and NF-kB, activator protein 1, and matrix metalloproteases,
have been shown to be affected by S-glutathionylation and, in
some instances, by alterations in Grx1 levels (9, 28). Variations in
Grx1 and S-glutathionylation of these proteins could, therefore,
contribute to the pathophysiology of COPD.

Some of the target proteins of S-glutathionylation are known
to modulate cell death (18), a process that has raised interest as
a mechanism in the development of COPD (29). Here, we
demonstrate that modulation of Grx1 expression, in conjunction
with alterations in protein S-glutathionylation, in lung epithelial
cells affects their survival in response to CS. So far, Grx1 has
been reported to have a cardioprotective role and reduce ROS
production after ischemia and reperfusion in Glrx1 transgenic
mouse hearts. Conversely, Glrx12/2 mice and Grx1 inhibition
by cadmium increased infarct size and ROS production (30). In
addition, lens epithelial cells of Glrx12/2 mice exhibited in-
creased sensitivity to oxidative stress, as they had a reduced
ability to clear H2O2, and administration of recombinant Grx1
restored antioxidant capacity (31). In the present study, we

show that primary MTE cells isolated from Glrx12/2 mice were
more sensitive to CS-induced cell death compared with wild-
type control animals, in association with enhanced protein
S-glutathionylation. Conversely, overexpression of Grx1 in an
epithelial cell line was found to protect against CS-induced cell
death, while attenuating the induction of S-glutathionylation in
response to CSE. Collectively, these data indicate that the
decreased expression of Grx1 and attenuation of Grx activity
after CSE exposure are indeed responsible for observed in-
creases in total protein S-glutathionylation, and contribute to
CSE-induced death of lung epithelial cells. However, additional
studies need to be conducted to unravel the target proteins for
increased S-glutathionylation that contribute to cell death after
CS exposure. Mediators of apoptosis and cell death shown to be
modulated by the S-glutathionylation/Grx1 axis include procas-
pase-3 (32), multiple members of the NF-kB survival pathway
(33), ASK1 (34), and Fas (18).

Taken together, the data show increasing evidence for Grx1
as a potential therapeutically relevant candidate for enhancing
cell survival upon CS exposure. A previous study showed
a similar protective effect using recombinant thioredoxin-1,
another member of the thioredoxin family, in the CS exposure
model for COPD in mice (35). Restoring Grx1 content in the
lungs after exposure to CS may, therefore, have implications in
enhancing cell survival, and thus potentially help to prevent the
development of emphysema.

Author Disclosure: None of the authors has a financial relationship with a
commercial entity that has an interest in the subject of this manuscript.

Figure 4. Overexpression of Grx1 confers partial protection against
CS-induced epithelial cell death and smoke-induced increases in protein

S-glutathionylation. A549 cells were transiently transfected with plasmid

CMV promotor DNA (closed bars), 0.5 mg Flag-Grx1 (shaded bars) or 1 mg

Flag-Grx1 (open bars) and treated with CSE for 24 hours. (A) Cell death
was assessed by flow cytometry using propidium iodide (PI) uptake. The

percentage of analyzed cells that did not take up PI is expressed as percent

survival. (B) Protein S-glutathionylation. *P , 0.05 compared with plasmid

CMV promotor DNA control exposed to CSE, analyzed by ANOVA.

Figure 5. Increased smoke-induced cell death and protein

S-glutathionylation in MTE cells from Glrx12/2 mice. MTE cells isolated

from wild-type (closed bars) or Glrx12/2 mice (shaded bars) were treated
with CSE for 24 hours. (A) Cell death was assessed by flow cytometry

using PI uptake. (B) Protein S-glutathionylation. *P , 0.05 compared

with cells from litter mate controls exposed to CSE, analyzed by ANOVA.
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