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Abstract

Glutaredoxins (Grx) are redox enzymes that remove glutathione bound to protein thiols, know as S-glutathionylation (PSSG).
PSSG is a reservoir of GSH and can affect the function of proteins. It inhibits the NF-kB pathway and LPS aspiration in Grx1
KO mice with decreased inflammatory cytokine levels. In this study we investigated whether absence of Grx1 similarly
repressed cigarette smoke-induced inflammation in an exposure model in mice. Cigarette smoke exposure for four weeks
decreased lung PSSG levels, but increased PSSG in lavaged cells and lavage fluid (BALF). Grx1 KO mice had increased levels
of PSSG in lung tissue, BALF and BAL cells in response to smoke compared to wt mice. Importantly, levels of multiple
inflammatory mediators in the BALF were decreased in Grx1 KO animals following cigarette smoke exposure compared to
wt mice, as were levels of neutrophils, dendritic cells and lymphocytes. On the other hand, macrophage numbers were
higher in Grx1 KO mice in response to smoke. Although cigarette smoke in vivo caused inverse effects in inflammatory and
resident cells with respect to PSSG, primary macrophages and epithelial cells cultured from Grx1 KO mice both produced
less KC compared to cells isolated from WT mice after smoke extract exposure. In this manuscript, we provide evidence that
Grx1 has an important role in regulating cigarette smoke-induced lung inflammation which seems to diverge from its
effects on total PSSG. Secondly, these data expose the differential effect of cigarette smoke on PSSG in inflammatory versus
resident lung cells.
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Introduction logical conditions, can reverse S-glutathionylation. S-glutathiony-
lation does not only protect the targeted protein thiol groups from
further irreversible oxidations, but also has been shown to
modulate protein function when the targeted cysteine residue is
critical to its function [4]. Examples include mediators of cell death
and inflammation such as procaspase-3 [5], multiple members of
the NF-kB pathway (reviewed in [6]), and matrix metalloproteases
[7]. Inhibition has been shown for caspase 3, as well as NF-kB,
to form non-reducible glutathione-aldehyde ~ derivatives [2], whereas MMP9 has been shown to be activated by this redox
thereby decreasing the lungs’ anti-oxidant capacity and making modification. Therefore glutaredoxins play an important role in
it vulnerable to oxidant-induced injury. On the other hand, as an redox-modulated protein function by regulating S-glutathionyla-

adaptive response to oxidative stress, such as upon chronic tion. Several mammalian Grxs have been identified. Grxl
smoking, levels of GSH increase in the epithelial lining fluid due to localizes primarily to the cytosol and Grx2 is present in the

upregulation of the rate limiting enzyme in GSH synthesis, 7y- mitochondria and nucleus [8].

glutamyleysteine ligase [3]. In many pulmonary diseases, including COPD, the importance

Besides being oxidized itself, glutathione can in conditions of ¢ glutathione homeostasis is described [3], whereas S-glutathio-
mild oxidative stress, also bind to cysteine residues in proteins. nylation and Grxs have hardly been investigated. Grx1 expression
This posttranslational modification is known as S-glutathionylation in the lungs has been found to be predominantly localized in
and protects proteins from irreversible oxidations. Glutaredoxins macrophages and bronchial epithelium. In a mouse model of
(Grx) or thioltransferases are redox enzymes that, under physio- allergic aifway discase and after acute exposure to LPS Grxl

The lung continuously encounters oxidants from inhalation and
is therefore well equipped with a high concentration of the
antioxidant glutathione (GSH). GSH acts as an electron donor and
1s used by glutathione peroxidase to reduce peroxides, resulting in
oxidized glutathione (GSSG) [1]. Cigarette smoke is known to
acutely deplete GSH, for instance by directly reacting with GSH
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expression was increased [9,10,11]. In patients with COPD on the
other hand, Grxl was decreased and specifically the number of
Grx1 positive macrophages was found to be positively correlated
with lung function [10]. In line with these clinical findings, we
have previously reported that cigarette smoke extract downregu-
lated Grx1 levels, which was associated with increased protein S-
glutathionylation in lung epithelial cells. Moreover, primary
epithelial cells from Grxl knock out mice were more prone to
smoke-induced cell death and displayed higher levels of protein S-
glutathionylation compared to controls [12]. In viwo on the other
hand, we found smoke exposure to decrease protein S-glutathio-
nylation, while also decreasing Grx1 levels and total Grx activity
(13].

Targeted S-glutathionylation is described to inhibit multiple
members of the pro-inflammatory NF-xB pathway, including
IKKa, IKKP and Rel A [14,15]. We have previously described
that LPS exposure in the context of ablation of Grxl failed to
activate NF-kB and decreased inflammatory cytokine levels [11].
In the current study we set out to investigate whether absence of
Grx1 similarly represses cigarette smoke-induced inflammation in
a subacute exposure model in mice. Rather than focusing on
individual NF-kB members, we investigated the differential
inflammatory response of mouse lungs as well as primary epithelial
cells and macrophages to cigarette smoke.

Materials and Methods

Mice and Primary Cell Culture

Male Grxl~’" mice, a kind gift of Dr. Ho (Wayne State
University, Detroit, MI), and WT C57BL/6 controls (n =10 per
group) were exposed to cigarette smoke for four weeks as described
previously [16]. Briefly, mice were exposed whole body to the
tobacco smoke of 5 Reference Cigarettes 3R4F without filter
(University of Kentucky, Lexington, KY) four times a day with
30 min smoke-free intervals, 5 days a week for 4 weeks. During the
exposure an optimal smoke to air ratio of 1:6 was obtained. The
control groups were exposed to room air. Additional unexposed
mice were used to isolate primary tracheal epithelial cells (MTE) as
described previously [17] with minor modifications [18] and
pulmonary macrophages by saline lavage. Cells were cultured in
full medium lacking phenol red for 24 h prior to stimulation. The
local ethics committee for animal experimentation of the faculty of
medicine and health sciences of Ghent University, Belgium
granted approval for all in vivo procedures under ECD07/04.

Bronchoalveolar Lavage (BAL)

5 days after the last exposure mice were euthanized with an
overdose of pentobarbital and a cannula was inserted into the
trachea. Three times 300 ul HBSS, free of Ca®" and Mg”" and
supplemented with 1% BSA, followed by 3 times 1 ml HBSS
supplemented with 0.05 mM EDTA, was instilled through the
cannula and recovered by gentle aspiration. All lavage fractions
were pooled, centrifuged and the cell pellet washed twice and
resuspended in 1 ml HBSS. Total and differential cell counts were
performed in a Biirker chamber and cytocentrifuged preparations
stained with May-Griinwald-Giemsa respectively. Flow cytometric
analysis of BAL cells was performed as described previously to
enumerate dendritic cells, macrophages, neutrophils and T-
lymphocyte subsets [19].

Lung Tissue Processing and Cell Counts

After rinsing of the pulmonary and systemic circulation, the left
lung was used for histology by intratracheal infusion of 4% PFA
and embedding in paraffin. Single cell suspensions were prepared
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from the right lung by mincing thoroughly, digesting and RBC
lysis. Cell counts were performed with a Beckman Coulter counter
and flow cytometric analysis was performed as described
previously to enumerate dendritic cells, macrophages, neutrophils
and T-lymphocyte subsets [19]. The other part of the right lung
was snap frozen in liquid nitrogen for biochemical assessments.

Cigarette Smoke Extract

3R4T Research Cigarettes, from the University of Kentucky
(Lexington, KT, USA), were removed from their filters and
cigarette smoke extract (CSE) was made fresh before every
experiment according to [20].

Quantitative Determination of S-Glutathionylated
Proteins Using 5,5'-dithio-bis(2-Nitrobenzoic Acid)
(dTNB)

200 ul of BAL fluid or 200 pg of lung protein homogenate was
acetone precipitated for 20 minutes at —20°C and spun down for
5 minutes at 3000 xg. Pellets were next resuspended and sonicated
in 200 pl of ice-cold extraction buffer containing 0.2% Triton-X
100 and 0.6% sulfosalicyclic acid in 0.1 M potassium phosphate
buffer with 5 mM EDTA disodium salt (KPE), pH 7.5. After 2
freeze-thaw cycles, samples were centrifuged at 3000 xg for 4 min
at 4°C. To remove glutathione (GSH) from proteins, the pellet was
treated with 100 pl of 1% NaBH, in water and neutralized with
40 ul of 30% metaphosphoric acid. Samples were centrifuged at
1000 xg for 15 min and the supernatant was used to determine the
GSH content using the dTNB GSSG reductase recycling method
[21]. 20 wl of KPE, GSH standards and samples were pipetted
into a 96-well microtiter plate and freshly prepared, equal volumes
of dT'NB and GSSG reductase were added in the dark. After 30
seconds, B-NADPH was added to start the conversion of dTNB to
TNB and the absorbance at 412 nm was read every 30 seconds for
2 minutes. A standard curve was performed using a concentration
range of GSH. NaBH, was omitted for each sample, as a negative
control. Values were corrected for protein content and data are
expressed as nmol GSH per milligram of protein.

Grx1 Catalyzed Cysteine Derivatization for In Situ
Detection of S-glutathionylated Proteins

Frozen cytospins were thawed and washed twice with PBS
before being fixed with 4% paraformaldehyde (PFA) for 10
minutes at RT. After three washes with PBS slides were
permeabilized and free thiol groups were blocked using a buffer
containing 25 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, pH 7.4, 0.1 mmol/L EDTA, pH 8.0, 0.01 mmol/L
neocuproine, 40 mmol/L N-ethylmaleimide (Sigma) and 1%
Triton (Sigma) for 30 minutes to an hour. After three washes
with PBS, S-glutathionylated cysteine groups were reduced by
incubation with 13.5 pg/ml human Grx1 (Lab Frontiers), 35 pg/
ml GSSG reductase (Roche), I mmol/L GSH (Sigma), 1 mmol/L
NADPH (Sigma), 18 umol EDTA and 137 mmol/L Tris - HCI,
pH 8.0, for 20 minutes. As a control GSH was left out of this mix.
After three washes with PBS, newly reduced cysteine residues were
labelled with 1 mmol/L  MN-(3-maleimidylpropionyl) biocytin
(MPB) (Roche) for 1 hour, after which excess MPB was removed
by three washes with PBS. Next, cells were incubated with 0.5 pg/
ml streptavidin-conjugated Alexa Fluor 568 for 30 minutes. Nuclei
were stained using 0.5 pg/ml DAPI Blue. Cells were then
mounted, coverslipped and analyzed by fluorescent microscopy
using a Nikon Eclipse E800 microscope. All conditions were
scanned using identical instrument settings that did not result in
saturation of pixel intensities. Semi-quanititative assessment of the
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staining intensity was conducted by dividing mean red fluores-
cence intensity (PSSG staining) by the mean blue fluorescence
intensity (nuclear DAPI staining) using Image J software. Mean
relative fluorescence intensity (RFI) values and SEM were thus
obtained.

Grx1 Staining

Macrophages were fixed with 4% PFA for 10 min at RT. After
permeabilization and blocking non-specific binding sites using
0.1%triton, 1% BSA in PBS, primary antibody against Grxl
(Imco) was incubated for 1 h followed by Alexa fluor 488 labelled
secondary anti-goat antibody for 1 h. Nuclei were counterstained
with  DAPI and cells were coverslipped. Semi-quanititative
assessment of the staining intensity was conducted by dividing
mean green fluorescence intensity (Grxl staining) by the mean
blue fluorescence intenstiy (nuclear DAPI staining) using Image J

software. Mean relative fluoresence intensity (RFI) values and
SEM were thus obtained.

Multiplex for Cytokine Measurement

To quantify concentrations of 23 cytokines and chemokines in
BALF we used a Bio-Plex mouse cytokine 23-plex Panel (IL-1a,
IL-1B, IL-2, IL-3, IL-4, IL-5. IL-6, Kc, IL-9, IL-10, IL-12(p40),
IL-12(p70), 1L-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN- v,
MCP-1(MCAF), MIP-1o,, MIP-1B, RANTES and TNF-o). Assays
were performed as described by the manufacturer’s instructions.
The analysis was done with a Luminex 100 IS 2.3 system using the
Bio-Plex Manager 4.1.1. software.

Kc ELISA

Kc levels in cell culture medium were measured using a
commercially available ELISA kit (R&D systems, Inc. Minneap-
olis, USA) according to the manufacturer’s instructions.

QPCR

Total RNA was isolated from lungs or cells using the RNeasy
Mini kit (QIAGEN, California, USA) and an equal amount was
reverse transcribed into cDNA using the Reverse-iT 1st strand
Synthesis Kit (Abgene, Epsom, UK). Primers for human HPRT
FW:AGAATGTCTTGATTGTGGAAGA; REV:ACCTTGAC-
CATCTTTGGATTA), Grx1 (FW: TTTACAACAGCTCACCG-
GAG; REV:TCACTGCATCCGCCTATG) and Kc (Fw:
CACTGCACCCAAACCGAAG; REV: TCAGGGTCAAGG-
CAAGCCQC) were used. PCR reactions were performed on an
1Cycler 1Q Real-Time PCR system (BioRad, Hercules, California,
USA) using the SYBRgreen dye (BioRad). Relative mRNA
expression of genes was calculated using the standard curve
method.

Statistical Analyses

Between-group comparisons were analyzed using the Kruskal-
Wallis test, followed by Mann-Whitney U test (SPSS 17). Unless
indicated otherwise, data are expressed as mean and standard
deviation. A p-value <0.05 was considered statistically significant.

Results

BAL Fluid Cell Counts and Differentials in Wild Type
Versus Grx1 KO Mice Exposed to Air and Smoke

When analyzing lavaged cells, the total number of BALF cells
was found to be significantly elevated in wild type and Grxl KO
mice due to cigarette smoke compared to respective air exposed
controls. The level of increase in total cell numbers in the BALF

@ PLoS ONE | www.plosone.org

Altered Smoke-Induced Inflammation in Grx1 KO Mice

did not differ between the two mouse strains (Figure 1A).
Macrophage cell counts in BALF also increased with cigarette
smoke compared to respective air exposed controls, but signifi-
cantly more so in Grxl KO mice than in WT (Figure 1B). The
smoke-induced increase in the number of neutrophils, dendritic
cells, CD8+, CD4+ and CD3+ cells on the other hand was
significantly dampened in Grxl KO compared to WT mice
(Figure 1 C-G).

Lung Tissue Differential Cell Counts in Wild Type versus
Grx1 KO Mice Exposed to Air or Smoke

Next, we investigated total and differential cell numbers in lung
tissue of the wild type and Grx1 KO mice. Figure 2A shows that
there is no significant difference in total cell numbers of the lung
tissue between the Grxl KO and wild type mice, under basal
conditions and after exposure to cigarette smoke.

Although the numbers of macrophages tended to be higher in
lung tissue of Grxl KO mice compared to wild type controls, this
was not statistically significant (Figure 2B). In addition, the
numbers of lung dendritic cells (Figure 2C), lung CD3+ cells
(Figure 2D), lung CD8+CD69+ (Figure 2F) and GRI+ cells
(Figure 2G) were not affected by smoke exposure in the WT
animals, or in the Grxl KO mice. The numbers of lung
CD4+CD69+ cells on the other hand was significantly increased
in wild type mice exposed to cigarette smoke. This increase was
however not present in the Grxl KO mice after cigarette smoke
exposure (Figure 2E).

BAL Fluid Cytokines in Wild Type Versus Grx1 KO Mice

Exposed to Air and Cigarette Smoke

We next assessed a broad panel of inflammatory mediators in
BALF in order to determine a cause for the diminished influx of
mnflammatory cells into the lungs of Grxl mice after smoke
exposure. While analyzing the inflammatory mediators measured
in the BAL fluid of wild type versus Grxl KO mice, the general
observation was that these are decreased in Grx1 KO mice after
exposure to cigarette smoke compared to wild type controls
exposed to cigarette smoke (Figure 3). Specifically, cigarette smoke
exposure significantly increased the BALF concentration of
IL12(p40), GCSF, MCP-1, KC, RANTES and MIP-lalpha in
wild type mice. In the Grxl KO, the cigarette smoke-induced
upregulation of these cytokines was significantly impaired,
compared to the wild type controls. Moreover, the baseline levels
of IL12(p40), GCSF, RANTES, MIP-1a, TNFa (data not shown)
and IFNy (data not shown) were found to be lower in the BAL
fluid of Grxl KO mice compared to wild type mice.

S-glutathionylation in Lungs and BAL Fluid Cells of Grx1
KO Compared to Wild Type Mice Exposed to Cigarette
Smoke and Air

Since the major function of Grxl is to catalyze deglutathionyla-
tion under physiological conditions, we next investigated the levels
of total protein S-glutathionylation in lung tissue. As demonstrated
in Figure 4A, exposure to cigarette smoke for four weeks lead to a
significant decrease in S-glutathionylation of proteins in the lung
tissue of wild type mice as reported previously. In the Grxl KO
mice, the smoke-induced decrease in protein S-glutathionylation
did not reach statistical significance, but the levels observed after
smoke exposure were significantly elevated compared to those in
the wild type mice exposed to smoke. The levels of free GSH were
decreased after smoke exposure as well, but no differences were
observed between Grxl KO and wild type mice (data not shown).
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Figure 1. BAL fluid cell counts and differentials in wild type versus Grx1 KO mice exposed to air and smoke. Total BAL fluid cells (A),
total numbers of macrophages (B), neutrophils (C), dendritic cells (D), CD3+ cells (F), CD4+ cells (G) and CD8+ cells (H) in BAL fluid represented as
mean * SD. * represents p<<0.05 between air and smoke exposed mice, # represents p<<0.05 between WT smoke and KO smoke.

doi:10.1371/journal.pone.0038984.9001
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Figure 2. Lung tissue differential cell counts in wild type versus Grx1 KO mice exposed to air or smoke. Total lung cells (A), total
numbers of lung macrophages (B), dendritic cells (C), CD3+ cells (D), CD4+ CD69+ cells (E) CD8+ CD69+ cells (F) and GR1 cells (G), represented as
mean * SD. * represents p<<0.05 between air and smoke exposed mice.

doi:10.1371/journal.pone.0038984.g002

When previously visualizing protein S-glutathionylation in Moreover, S-glutathionylation in BAL fluid cells of Grx1 KO mice

whole lung tissue, we noted that this was not decreased in was higher after cigarette smoke exposure than in the wild type
inflammatory cells after smoke exposure [13]. We therefore controls (Figure 4B-C). As expected, most of the cells in the
analyzed protein S-glutathionylation in cells obtained by BAL cytospins had the morphological characteristics of macrophages.
using the biotin-switch approach and found that protein S- In cell free BALF, similar trends were observed with increased
glutathionylation in these BAL fluid cells of mice exposed to smoke protein S-glutathionylation after smoke exposure and heightened
was increased compared to BAL fluid cells from air exposed mice. levels in Grxl KO mice compared to wt controls (Fig. 4D).
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visualised by the biotin switch staining in BAL fluid cells of Grx1 KO compared to wild type mice exposed to cigarette smoke and air, the outer right
panel shows the quantification of staining expressed as relative fluorescent intensity of red staining (S-glutathionylated proteins) compared to blue,
nuclear DAPI staining and represented as mean * SD (B). S-glutathionylation of proteins quantified by the DTNB assay in BAL fluid of Grx1 KO
compared to wild type mice exposed to cigarette smoke and air, data shown in nmol GSH/ug protein and represented as mean = SD (C). * represents
p<0.05 between air and smoke exposed mice, # represents p<<0.05 between WT smoke and KO smoke.

doi:10.1371/journal.pone.0038984.9004

At baseline, no differences were observed between WT and Grx1
KO mice.

Grx Expression in Lung Tissue and Macrophages of Mice
Exposed to Cigarette Smoke

We have previously shown that exposure of pulmonary
epithelial cells to cigarette smoke extract (CSE) leads to decreased
expression of Grxl mRNA and protein. In Figure 5A we first
confirmed these data in lung tissue of smoke exposed mice.
Indeed, Grx1, but not Grx2 (data not shown) mRNA levels are
significantly decreased after four weeks of cigarette smoke
exposure compared to air exposed controls in wild type mice.
Given the differential response of structural and inflammatory cells
to smoke with respect to protein S-glutathionylation, we also
assessed the effects of CGSE on Grx expression in primary
macrophages isolated from mice by fluorescent staining for Grxl
(represented in figure 5B and C) and confirm that smoke exposure
also represses Grx1 protein levels in these cells.

KC in Primary Macrophages Versus Primary Epithelial
Cells from Wild Type and Grx1 KO Mice after Exposure to
Cigarette Smoke Extract

Protein S-glutathionylation appears thus to be differentially
regulated in structural and inflammatory cells after smoke
exposure, albeit independently from Grxl. We therefore asked
whether this would differentially impact inflammatory mediator
production in these cell types in response to cigarette smoke, given
that we have previously shown that the Grx1-PSSG axis is
important in determining the extent of NF-kB activation and the
levels of cytokines and chemokines such as KC in response to pro-
inflammatory stimuli. When performing an ELISA for KC on
culture supernatants of macrophages isolated from wild type mice,
we found a significant increase in KC after exposure to CSE. In
contrast, the Grxl KO macrophages displayed decreased KC
concentrations in their medium after exposure to CSE (Figure 6A).
Also in MTEC: the production of this chemokine was increased by
cigarette smoke from both WT and Grxl KO mice. Moreover,
this response to CSE was significantly decreased in the Grxl KO
MTECs compared to the cells from wild types (Figure 6B).

Discussion

It is becoming increasingly clear that GSH and its associated
enzymes and the redox state of cells in general do not only play a
role in protection against oxidative stress and damage, but also
determine the outcome of discrete receptor-induced ROS-
mediated signaling events involved in immune responses. Specif-
ically shown here is that Grx1 and PSSG are key modulators of the
i vivo response to cigarette smoke. Although there was no
difference in the total amount of BAL fluid and lung cells between
wild type and Grx1 KO mice after smoke exposure, the pattern of
inflammatory cells found in the BAL fluid was different. The Grx1
KO mice actually accumulate macrophages in the BAL fluid after
4 weeks of cigarette smoke exposure, while in contrast to the wild
type mice the increase of neutrophils, dendritic cells and CD3+,
CD4+ and CD8+ T-cells was significantly impaired. This altered
pattern of inflammatory cells in the BALF was mirrored by
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significant differences in the levels of chemokines and cytokines.
After four weeks of cigarette smoke exposure the BALF of Grxl
KO mice contained significantly less KC, RANTES, MCP-1,
IL12, GCSF and MIPla. compared to the wild type controls
exposed to the same amount and duration of cigarette smoke. The
decreased levels of inflammatory mediators in the BAL fluid of
Grxl KO mice can be caused by the diminished levels of
inflammatory cells other than macrophages. On the other hand, it
could be attributed to the immaturity of these macrophages as we
reported previously that alveolar macrophages isolated from Grx1
KO mice are smaller, express lower levels of the hematopoietic cell
specific transcription factor PU.1 and displayed decreased
phagocytosis capacity i vitro compared to alveolar macrophages
from wild type animals [11]. Also, LPS-induced NF-xB activation
and inflammatory mediator production were found to be
attenuated in the Grxl KO macrophages as well as primary
tracheal epithelial cells.

The Grx1 KO mice have been used by others to investigate the
role of Grxl1 in cigarette smoke induced lung inflammation. This
study however employed a three day smoke exposure protocol and
showed a much different outcome compared to the results
obtained here. After a three day exposure regimen, the number
of neutrophils were reported to be elevated in the Grx1 KO mice,
in conjunction with increased levels of KC and MCP-1 compared
to wild type controls [15]. The main difference between studies is
the length of exposure and might indicate that the role of Grxl is
opposite in an acute versus a more chronic exposure to cigarette
smoke. This is also supported by the early increase in KC levels
observed after LPS exposure in the Grxl KO mice, compared to
the attenuation of other mediators at more protracted time points
[11]. Not only the role of Grxl in smoke-induced inflammation
was found to be different, but in our model smoke exposure was
found to decrease protein S-glutathionylation compared to the
increase observed in the acute three day model of cigarette smoke
exposure. We did not observe a difference in basal level of protein
S-glutathionylation between WT and Grxl KO mice, but smoke
failed to affect PSSG in Grx1 KO mice. The level of PSSG in the
lungs of Grxl KO mice was significantly higher after smoke
compared to the wild type animals. The differential response in S-
glutathionylation of proteins in the two models might thus be
involved in the discrepancies found in lung inflammation between
acute and chronic smoke exposure. It has been reported by our
laboratory that upon oxidative stress, targeted S-glutathionylation
of IKKp inhibits its activity and thus inhibits Rel A nuclear
translocation. Binding of NF-kB to its consensus sequence has also
been shown to be negatively affected by S-glutathionylation [14].
Secondly, we have previously shown that Grxl KO mice and
primary epithelial cells isolated from these mice, show a markedly
diminished response to LPS with respect to NF-kB activation and
inflammatory mediator production [11]. Since the Grx1 KO mice
have more overall S-glutathionylation in the lung and in the BAL
cells after smoke exposure, this might, through the inhibition of
nuclear Rel A translocation, contribute to the decreased inflam-
matory cytokine production observed in the Grx1 KO mice after
four weeks of cigarette smoke exposure, compared to wild type
mice. So it is likely that the differential response in PSSG levels in
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Figure 5. Grx1 expression in lung tissue and primary macrophages of mice exposed to cigarette smoke. (A) Grx1 mRNA expression
corrected for HPRT mRNA expression in lung tissue of mice exposed to air and cigarette smoke, represented as mean * SD. (B) Fluorescent Grx1
staining in primary macrophages after 24 hours of control or 0.5% cigarette smoke extract exposure. The green staining represents Grx1 protein
expression, whereas blue represents the nuclear DAPI staining. Quantification of fluorescent Grx1 staining is expressed as RFl in (C).
doi:10.1371/journal.pone.0038984.9005

the acute versus the more chronic cigarette smoke exposure causes lung tissue. In lung tissue, S-glutathionylation was decreased
the difference in phenotype in the mouse lung. despite a decrease in Grxl mRNA expression. When we isolated

When we assessed PSSG 1n lavaged cells and fluid from smoke primary macrophages from mice and exposed them to cigarette
compared to air exposed mice, we found increased S-glutathio- smoke extract, there was a decrease in Grx1 protein levels. These
nylation of proteins in contrast to the observed decrease in whole findings in macrophages are in line with our previously published
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Figure 6. KC in primary macrophages versus primary epithelial cells from wild type and Grx1 KO mice after cigarette smoke extract
exposure. KC in medium of primary macrophages (A) and of mouse tracheal epithelial cells (B) from wild type and Grx1 KO mice exposed to air or
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data showing decreased Grxl levels in various pulmonary
epithelial cells after smoke exposure [12]. Together these data
indicate that overall protein S-glutathionylation can alter inde-
pendently of differences in Grxl and that the patterns of S-
glutathionylation depend on cell type as well as stimuli and
duration of stimulation.

It should be noted that the alteration in the overall protein S-
glutathionylation pattern does not mean that all individually
targeted proteins would be affected in the same direction.
Although we did not investigate individual targets, in figure 6 of
this manuscript we demonstrate that a differential effect on overall
S-glutathionylation of proteins in response to smoke observed in
different cell types, can still result in the same outcome. In
particular, we demonstrate that smoke-induced KC production is
decreased in both tracheal epithelial cells and macrophages
isolated from Grxl KO mice, irrespective of the effect on total
protein S-glutathionylation.

References

1. Cantin AM, North SL, Hubbard RC, Crystal RG (1987) Normal alveolar
epithelial lining fluid contains high levels of glutathione. J Appl Physiol 63: 152
157.

@ PLoS ONE | www.plosone.org

Taken together, we demonstrate in this manuscript that by
using a knock out mouse model for glutaredoxin 1, this redox
mediating enzyme has an important role in regulating cigarette
smoke induced lung inflammation.

Acknowledgments

The authors thank Yvonne Janssen-Heininger and Y-S Ho for providing
glutaredoxin 1 k.o. mice, and Esther Theunisz, Gonda Konings, Greet
Barbier, Eliane Castrique, Indra De Borle, Philippe De Gryze, Katleen De
Saedeleer, Anouck Goethals, Marie-Rose Mouton, Ann Neessen, Christelle
Snauwaert and Evelyn Spruyt for their technical assistance.

Author Contributions

Conceived and designed the experiments: IK GGB EFMW NLR.
Performed the experiments: IK KRB SWA RK ICA NLR. Analyzed the
data: IK NLR. Wrote the paper: IK KRB GGB SCA EFMW NLR.

2. van der Toorn M, Rezayat D, Kauffman HF, Bakker SJ, Gans RO, et al. (2009)
Lipid-soluble components in cigarette smoke induce mitochondrial production

June 2012 | Volume 7 | Issue 6 | e38984



of reactive oxygen species in lung epithelial cells. Am J Physiol Lung Cell Mol
Physiol 297: L109-114.

. Rahman I (2005) Regulation of glutathione in inflammation and chronic lung

diseases. Mutat Res 579: 58-80.

. Mieyal JJ, Gallogly MM, Qanungo S, Sabens EA, Shelton MD (2008) Molecular

mechanisms and clinical implications of reversible protein S-glutathionylation.

Antioxid Redox Signal 10: 1941-1988.

. Huang Z, Pinto JT, Deng H, Richie JP, Jr. (2008) Inhibition of caspase-3 activity

and activation by protein glutathionylation. Biochem Pharmacol 75: 2234-2244.

. Janssen-Heininger YM, Poynter ME, Aesif SW, Pantano C, Ather JL, et al.

(2009) Nuclear factor kappaB, airway epithelium, and asthma: avenues for redox
control. Proc Am Thorac Soc 6: 249-255.

. Okamoto T, Akaike T, Sawa T, Miyamoto Y, van der Vliet A, et al. (2001)

Activation of matrix metalloproteinases by peroxynitrite-induced protein S-
glutathiolation via disulfide S-oxide formation. J Biol Chem 276: 29596-29602.

. Yang Y, Jao S, Nanduri S, Starke DW, Mieyal JJ, et al. (1998) Reactivity of the

human thioltransferase (glutaredoxin) C7S, C25S, C78S, C82S mutant and
NMR solution structure of its glutathionyl mixed disulfide intermediate reflect
catalytic specificity. Biochemistry 37: 17145-17156.

. Reynaert NL, Wouters EF, Janssen-Heininger YM (2006) Modulation of

Glutaredoxin-1 Expression in a Mouse Model of Allergic Airway Disease.
Am J Respir Cell Mol Biol.

. Peltoniemi MJ, Rytila PH, Harju TH, Soini YM, Salmenkivi KM, et al. (2006)

Modulation of glutaredoxin in the lung and sputum of cigarette smokers and
chronic obstructive pulmonary disease. Respir Res 7: 133.

. Aesif SW, Anathy V, Guala AS, Reiss JN, Ho YS, et al. (2011) Ablation of

glutaredoxin-1 attenuates lipopolysaccharide-induced lung inflammation and
alveolar macrophage activation. Am J Respir Cell Mol Biol 44: 491-499.

. Kuipers I, Guala AS, Aesif SW, Konings G, Bouwman FG, et al. (2011)

Cigarette Smoke Targets Glutaredoxin 1, Increasing S-glutathionylation and
Epithelial Cell Death. Am J Respir Cell Mol Biol 45: 931-937.

@ PLoS ONE | www.plosone.org

1

20.

21.

Altered Smoke-Induced Inflammation in Grx1 KO Mice

. Kuipers I, Bracke KR, Brusselle GG, Wouters EF, Reynaert NL, et al. (2012)

Smoke decreases reversible oxidations s-glutathionylation and s-nitrosylation in
mice. Free Radic Res 46: 164-173.

. Reynaert NL, van der Vliet A, Guala AS, McGovern T, Hristova M, et al.

(2006) Dynamic redox control of NF-kappaB through glutaredoxin-regulated S-
glutathionylation of inhibitory kappaB kinase beta. Proc Natl Acad Sci U S A
103: 13086-13091.

. Chung S, Sundar IK, Yao H, Ho YS, Rahman I (2010) Glutaredoxin 1 regulates

cigarette smoke-mediated lung inflammation through differential modulation of
I kappa B kinases in mice: impact on histone acetylation. Am J Physiol Lung Cell
Mol Physiol 299: L.192-203.

. D’Hulst A I, Vermaelen KY, Brusselle GG, Joos GF, Pauwels RA (2005) Time

course of cigarette smoke-induced pulmonary inflammation in mice. Eur Respir J

26: 204-213.

. Wu R, Smith D (1982) Continuous multiplication of rabbit tracheal epithelial

cells in a defined, hormone-supplemented medium. In Vitro 18: 800-812.

. Reynaert NL, Ckless K, Guala AS, Wouters EF, van der Vliet A, et al. (2006) In

situ detection of S-glutathionylated proteins following glutaredoxin-1 catalyzed
cysteine derivatization. Biochim Biophys Acta 1760: 180-187.

. Demoor T, Bracke KR, Dupont LL, Plantinga M, Bondue B, et al. (2011) The

role of ChemR23 in the induction and resolution of cigarette smoke-induced
inflammation. J Immunol 186: 5457-5467.

Carp H, Janoff' A (1978) Possible mechanisms of emphysema in smokers. In vitro
suppression of serum elastase-inhibitory capacity by fresh cigarette smoke and its
prevention by antioxidants. Am Rev Respir Dis 118: 617-621.

Rahman I, Kode A, Biswas SK (2006) Assay for quantitative determination of
glutathione and glutathione disulfide levels using enzymatic recycling method.
Nat Protoc 1: 3159-3165.

June 2012 | Volume 7 | Issue 6 | e38984



