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Protein S-glutathionylation (PSSG) is a posttransla-
tional modification that involves the conjugation of
the small antioxidant molecule glutathione to cys-
teine residues and is emerging as a critical mecha-
nism of redox-based signaling. PSSG levels increase
under conditions of oxidative stress and are con-
trolled by glutaredoxins (Grx) that, under physiolog-
ical conditions, preferentially deglutathionylate cys-
teines and restore sulfhydryls. Both the occurrence
and distribution of PSSG in tissues is unknown be-
cause of the labile nature of this oxidative event and
the lack of specific reagents. The goal of this study
was to establish and validate a protocol that enables
detection of PSSG in situ , using the property of Grx to
deglutathionylate cysteines. Using Grx1-catalyzed cys-
teine derivatization, we evaluated PSSG content in
mice subjected to various models of lung injury and
fibrosis. In control mice, PSSG was detectable primar-
ily in the airway epithelium and alveolar macro-
phages. Exposure of mice to NO2 resulted in en-
hanced PSSG levels in parenchymal regions, while
exposure to O2 resulted in minor detectable changes.
Finally, bleomycin exposure resulted in marked in-
creases in PSSG reactivity both in the bronchial epi-
thelium as well as in parenchymal regions. Taken
together, these findings demonstrate that Grx1-based
cysteine derivatization is a powerful technique to spe-
cifically detect patterns of PSSG expression in lungs,
and will enable investigations into regional changes
in PSSG content in a variety of diseases. (Am J Pathol
2009, 175:36–45; DOI: 10.2353/ajpath.2009.080736)

Oxidants have long been implicated in the pathophysiol-
ogy of diverse diseases, and highly reactive oxidants

have been demonstrated to cause damage to macromol-
ecules. However, a wealth of recent data has demon-
strated that oxidants, such as nitric oxide, and hydrogen
peroxide are also produced and used in physiological
settings as signaling molecules. This signaling function of
oxidants is performed via reversible oxidations of tar-
geted cysteine residues within proteins.1 Specifically,
cysteines with low-pKa sulfhydryl groups (known as thio-
lates, or reactive cysteines) are targets for reversible
oxidations by hydrogen peroxide or S-nitrosothiols (func-
tional derivatives of nitric oxide), and virtually every major
class of proteins contain reactive cysteines that are
highly conserved across species. Oxidation of these re-
active cysteine groups can cause a change in protein
structure and/or function.1 The low-molecular-weight
ubiquitous antioxidant molecule glutathione acts primar-
ily to maintain the reduced state of cellular protein thiol
groups. Under various conditions of oxidative stress or
redox-based signaling, glutathione (GSH) will become
covalently bound to reactive cysteines within proteins, a
scenario known as protein S-glutathionylation (also re-
ferred to as S-glutathiolation, mixed disulfides, or PSSG),
and can confer protection against further irreversible ox-
idations.2–6 The exact biochemical events that lead to
S-glutathionylation remain unclear, and have been spec-
ulated to involve the formation of sulfenic acid, S-nitroso-
thiol, sulfenylamide, or thiyl radical intermediates, among
other events.4,5

The formation of PSSG has come to the forefront of
redox-based signaling, as it has been shown that several
signaling proteins that include kinases, phosphatases,
proteases, chaperones, transcription factors, etc are im-
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pacted both in positive and negative fashions by S-glu-
tathionylation of specific cysteine residues.1,7–9 S-gluta-
thionylation has the potential to alter both enzymatic
activity and tertiary structure, and as such it has been
likened to O-phosphorylation. This comparison is further
bolstered by the fact that PSSG formation is both highly
specific within a cell and its reversibility is tightly regulated.4

Given that GSH is present within cells at millimolar con-
centrations, the likelihood that S-glutathionylation may
play a critical role in redox-based signaling or pathophys-
iological events is high.1

The relevance of S-glutathionylation to cell biology is
furthermore bolstered by the existence of mammalian
glutaredoxins (Grx), which under physiological condi-
tions act to preferentially reverse S-glutathionylated pro-
teins restoring the protein cysteine to the sulfhydryl
group, and restoring protein function.4,10 Although the
major enzymatic action of Grx under physiological set-
tings has been linked to de-glutathionylation of protein
targets,4,11 it should be stressed that under conditions of
oxidative stress or damage where oxidized glutathione
(GSSG) are increased, Grx causes increases in S-gluta-
thionylation, instead of decreases.12 Nonetheless, S-glu-
tathionylation and glutaredoxin have now emerged as a
new module controlling redox-based biological process-
es.1,4 Grx enzymes contain within their structure the thi-
oredoxin fold common to members of the oxidoreductase
class.12 In mammals, three isoforms of Grx have been
identified, the cytoplasm/nuclear Grx1, the mitochondrial/
nuclear Grx2, and Grx5, whose name is derived from its
yeast homolog and whose function remains elusive.13 It
has been shown in vitro that up or down-regulation of Grx
results in decreases and increases in levels of PSSG,
respectively.9,14

Grx protein levels are known to be altered in a number
of human diseases, and in various animal models of
disease,15–17 and increases in overall content of PSSG
have been reported in tissue homogenates in various
pathological settings, and models of oxidative stress,
including models of oxidant-induced acute lung injury.18–20

To date very little data exist with regard to the identity of
the target proteins of S-glutathionylation in vivo, and about
regional patterns of PSSG in tissues. Identification of
proteins that are targeted by PSSG thus far has been
limited primarily to evaluations of protein in vitro via mass
spectrometry, studies using 35S-labeled GSH, or anti-
GSH antibodies and subsequent identification of protein
targets.9,21 Detection of PSSG in situ using paraffin pre-
served tissue has been previously reported using perox-
idase-conjugated glutathione S-transferase overlays,22

or by using an anti-GSH antibody,23 but these techniques
does not absolutely exclude the detection of free GSH
within tissues.

In this study, we sought to determine whether the
highly specific catalytic activity of mammalian Grx1 to-
ward reduction of PSSG could be used to visualize PSSG
in paraffin-embedded tissues in situ using microscopy
approaches. For this purpose we adapted a procedure,
previously described for cells,11 for use in lung tissue.
Using a series of reagent controls we demonstrate that
Grx1-catalyzed cysteine derivatization is robust and

highly specific for the detection of PSSG. Additionally we
demonstrate that this technique allows for the detection
of regional changes in PSSG in various models of lung
disease, highlighting the usefulness of in situ detection of
PSSG, as a new marker of redox-dependent post-trans-
lation modification of proteins.

Materials and Methods

In Situ Detection of S-Glutathionylated Proteins
in Tissue Following Grx1 Catalyzed Cysteine
Derivatization

After dewaxing tissue samples in three changes of xy-
lene, tissue was rehydrated in 100%, 95%, and 75%
ethanol. Free thiol groups were then blocked using a
buffer that contained 25 mmol/L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.4, 0.1 mmol/L EDTA,
pH 8.0, 0.01 mmol/L neocuproine, 40 mmol/L N-ethylma-
leimide (Sigma) and 1% Triton (Sigma) for 30 minutes.
After three washes with phosphate-buffered saline (PBS),
S-glutathionylated cysteine groups were reduced by in-
cubation with 13.5 �g/ml human Grx1 (Lab Frontiers), 35
�g/ml GSSG reductase (Roche), 1 mmol/L GSH (Sigma),
1 mmol/L NADPH (Sigma), 18 �mol EDTA and 137 mmol/L
Tris � HCl, pH 8.0, for 20 minutes. After three washes with
PBS, newly reduced cysteine residues were labeled with
1 mmol/L N-(3-maleimidylpropionyl) biocytin (MPB) (Roche)
for 1 hour. Excess MPB was removed by three washes
with PBS. Next, tissue samples were incubated with 0.5
�g/ml streptavidin-conjugated Alexa Fluor 568 for 30
minutes. Nuclei were stained using 50 nmol/L SYTOX
Green (Molecular Probes). All steps were conducted at
room temperature. Tissues were then mounted and cov-
erslipped and slides analyzed by confocal microscopy
using an Olympus BX50 microscope coupled to a Bio-
Rad MRC 1024 confocal scanning laser microscope sys-
tem. All sections were scanned using identical instrument
settings that did not result in saturation of pixel intensities.
As negative controls Grx1, GSH, streptavidin, or Grx1,
GSH, GSSG reductase, and NADPH were omitted from
the reaction mix. As positive controls tissues were incu-
bated with 400 �mol/L diamide (Sigma) and 1 mmol/L
GSH for 10 minutes before application of N-ethylmale-
imide. Autofluorescence of the tissues was determined
for each experimental condition by evaluating tissues that
were not subjected to Grx1-based cysteine derivatiza-
tion, labeling with MPB, or incubation with streptavidin-
conjugated Alexa Fluor 568, via confocal laser scanning
microscopy, using identical instrument settings. In all cases
this revealed no detectable fluorescence signal in either
channel. Semiquantitative assessment of the intensity of
PSSG reactivity in bronchial epithelium, parenchymal re-
gions, or alveolar macrophages was conducted by eval-
uating mean red fluorescence intensities (PSSG) in each
region of interest and dividing this by the mean green
fluorescence intensity (DNA content) present in the
same region, and multiplication of this value by 100, to
obtain a measure of the relative fluorescence intensity
(RFI) of PSSG. Note that bronchial epithelium and paren-
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chymal regions were selected based on their architec-
tural appearance and examination of sections that were
stained with hematoxylin and eosin. PSSG staining pat-
terns in macrophages were confirmed following bron-
choalveolar lavage of control mice. Normalization to DNA
content was done to account for regional differences in
tissue densities that characterize lung tissue. Mean RFI
values � SEM were obtained from evaluating images
obtained from multiple animals per groups, as is detailed
in the figure legends. To evaluate PSSG in bronchial
epithelium, images were cropped to remove submucosal
regions, before determining RFI values. All semiquantita-
tive analysis was done using .tif images generated from
proprietary Bio-Rad .pict images and the Metamorph 7.5
software package (Molecular Devices), according to the
manufacturers’ instructions. Different absolute RFI values
presented in various figures are reflective of subtle dif-
ferences in staining intensities and instrument settings
between individual experiments.

Grx1 Activity Assay

Grx1 activity was assayed as previously described.24

Briefly, recombinant Grx1 was incubated in buffer contain-
ing 137 mmol/L Tris-HCl (pH 8.0), 0.5 mmol/L GSH, 35
�g/ml GSSG reductase, 0.35 mmol/L NADPH, 1.5 mmol/L
EDTA (pH 8.0), and 2.5 mmol/L Cys-SO3(Sigma). As a
control GSH was omitted from the reaction mix. The reaction
was allowed to proceed at room temperature and NADPH
consumption was followed spectrophotometrically at 340
nm. Data are expressed as units, where 1 unit equals the
oxidation of 1 �mol NADPH/min/mg protein.

Mouse Models of Pulmonary Inflammation and
Fibrosis

For NO2 exposure C57BL/6 mice were exposed to 25
ppm NO2 for 6 hours a day for 3 consecutive days, and
tissue sections were used from previously published
studies.25 Alternatively, C57BL/6 mice were exposed to
�95% O2 continuously for 3 consecutive days.26 Pulmo-
nary fibrosis was induced following administration of
bleomycin, 7.5 U/kg (Gensia Sicor Pharmaceuticals,
Irvine, CA) in sterile PBS, by oropharyngeal aspiration (40
�l),27 and evaluation of lung tissues on day 21, a time
point where a fibrotic response is readily apparent. The
presence of fibrosis was confirmed in replicate sections
from the same study.28 Lastly, mice were subjected to
administration of lipopolysaccharide (LPS, 10 �g, List
Biological Laboratories) in sterile saline by oropharyngeal
aspiration, and lung tissue evaluated 16 hours later, a
time frame when neutrophilic infiltration is apparent (see
below) and levels of inflammatory cytokines are in-
creased.29 Mice were sacrificed and lungs were lavaged
with 1 ml of PBS. The left lung lobe was subsequently
instilled with 4% paraformaldehyde in PBS for 10 minutes
at a pressure of 25 cm H2O, and placed into 4% para-
formaldehyde in PBS at 4°C overnight for further fixation
of the tissue. Tissues were embedded in paraffin, and
5-�m sections we used in all staining procedures.25 All

animal studies were approved by the Institutional Animal
Care and Use Committee at the University of Vermont.

In Situ Detection of S-Glutathionylated Proteins
Using an Anti-GSH Antibody

Tissue samples were dewaxed and permeabilized by
incubation with 1% Triton in PBS for 30 minutes at room
temperature. After permeabilization tissue samples were
blocked using 1% normal goat serum (Jackson Immu-
noResearch Laboratories, Inc.). Samples were then incu-
bated with an anti-GSH (10 �g/ml) (Invitrogen) overnight
at 4°C. Tissue samples were then incubated with Alexa
Fluor 568-conjugated secondary antibody (Molecular
Probes), and nuclei were counterstained using SYTOX
green. Slides were analyzed using confocal microscopy.
As negative controls, either primary or secondary anti-
body was omitted from the protocol or tissue sections
were incubated with 2 mmol/L �-mercaptoethanol (BME)
(Sigma) for 10 minutes to decompose S-glutathionylated
proteins before staining.

In Situ Detection of Grx1

Tissue samples were dewaxed and permeabilized by
incubation with 1% Triton in PBS for 30 minutes at room
temperature. After permeabilization tissue samples were
blocked using 1% bovine serum albumin (Fischer). Sam-
ples were then incubated with (10 �g/ml) anti-Grx1 anti-
body (Lab Frontier) overnight at 4°C. Tissue samples
were subsequently incubated with Alexa Fluor 568-
conjugated secondary antibody (Molecular Probes),
and nuclei were counter stained using SYTOX green.
Slides were analyzed by confocal microscopy. As a
negative control primary antibody was omitted from the
protocol.

Statistical Analyses

Data were analyzed by one-way analysis of variance,
using the Tukey test to adjust for multiple comparisons
(Microsoft Excel, Redmond, WA).

Results

Endogenous Levels of PSSG Are Detectable in
Paraffin-Embedded Lung Tissues and Can Be
Manipulated through Direct Exposure to
Oxidants

Because of the newly appreciated significance of PSSG
in signal transduction and redox homeostasis,1 we
sought to establish a method to detect this posttransla-
tional modification in paraffin-embedded lungs sections
using a method of Grx1-catalyzed derivatization. This
protocol involves the sequential permeabilization of the
lung tissue, blocking of reduced thiols with an alkylating
agent, Grx1-catalyzed reduction of PSSG, labeling of
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newly generated thiols with biotin, and subsequent de-
tection of label via confocal laser scanning microscopy.
Application of this protocol resulted in detectable levels
of endogenous PSSG (red signal) in the lungs of control
mice (Figure 1A). Signal was detectable primarily within
the epithelium of the conducting airways, with less reac-
tivity detectable in the lung parenchyma. Note that these
regions were identified based on their architectural ap-
pearance and examination of sections that were stained
with hematoxylin and eosin. As a control, omission of all
components from the enzymatic reaction mix resulted in
almost a complete loss of detectable signal (Figure 1B).
In addition, omission of the biotin-conjugated detection
agent, MPB, abolished the fluorescence signal (Figure
1C). To test the dependence of the reaction on the pres-
ence of functionally active Grx1, GSH was omitted from
the reaction mix. Results in Figure 1D demonstrate that
omission of GSH from the reaction mix almost completely
abolished detectable reactivity in the lung tissue, consis-
tent with a complete loss of detectable Grx1 catalytic
activity in vitro (Figure 1F). For all subsequent experi-

ments, the omission of GSH from the reaction mix was
therefore used as a negative control. Last, as a positive
control, tissue sections were treated with diamide in the
presence of 1 mmol/L GSH, to increase the PSSG content
in tissues, before subjecting the slides to the protocol of
Grx1-based cysteine derivatization. This regimen causes
oxidation of thiols, which in the presence of GSH will lead
to increases in PSSG content. As is demonstrated in
Figure 1E, incubation of the tissue with diamide plus GSH
resulted in a marked increase in detectable PSSG
throughout the parenchyma, as expected.

Comparative Evaluation of Immunofluorescence
Patterns of PSSG Using Grx1-Based Cysteine
Derivatization and Anti-GSH Antibody

Antibodies have been developed against GSH, and are
being considered for the detection of PSSG in tissues.23 We
therefore comparatively evaluated staining patterns using
Grx1-based derivatization or anti-GSH antibody. In these

Figure 1. In situ analysis of PSSG in mouse lung tissue using Grx1-based cysteine derivatization. A: Pattern of PSSG reactivity in control mouse lung. Red, PSSG
reactivity; green, DNA content. Magnification, �200. B: Omission of derivatization buffer as a negative control. C: Omission of MPB labeling agent as a negative
control. D: Selective omission of GSH from the reaction mix as a negative control. E: Evaluation of PSSG reactivity using Grx1-based cysteine derivatization
following pretreatment of tissue with diamide and GSH as a positive control. Following dewaxing and rehydration, lung tissue was incubated with 400 �mol/L
diamide plus 1 mmol/L GSH for 10 minutes to cause PSSG formation. Lungs were then processed and evaluated as described in A. Insets: Top, PSSG reactivity
in bronchial epithelium; bottom, PSSG reactivity in parenchymal regions (zoom � 4�). F: Assessment of Grx1 activity in vitro using a full enzymatic mix or
omitting GSH as a negative control. Semiquantitative RFI values for PSSG were derived from the mean red fluorescence intensities (PSSG) in each region of interest
divided by the mean green fluorescence intensity (DNA content). RFI values, mean (SEM) for bronchial epithelium and parenchymal regions based on scanning
of four optical images per panel were as follows. A: Full reaction mix: bronchial epithelium, 39 (10); parenchyma, 24 (4). B: Buffer: bronchial epithelium, 9 (5);
parenchyma, 10 (8). C: �MPB: bronchial epithelium, 0 (0); parenchyma, 0 (0). D: �GSH; bronchial epithelium, 6 (2); parenchyma, 3 (1). E: Diamide � GSH:
bronchial epithelium, 18 (1); parenchyma, 46 (1); *P � 0.05 (analysis of variance) compared with A.
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studies, tissues were pretreated with the reducing agent
BME, to decompose PSSG, as a reagent control. Evaluation
of paraffin-embedded lung tissue with anti-GSH antibody
resulted in a fluorescence profile similar to that observed
using the Grx1-based derivatization protocol. Fluorescence
was detected primarily in the epithelium of the conducting
airways, with lower reactivity apparent in the parenchyma
(Figure 2, A and B). As expected, pretreatment of tissues
with BME resulted in a complete loss of fluorescence, when
subsequently evaluated using the Grx1-based derivatiza-
tion protocol (Figure 2D). However, despite pre-incubation
with BME, detectable immunoreactivity remained when us-
ing the anti-GSH antibody (Figure 2C). These findings sug-
gest that while Grx1-based cysteine derivatization is depen-
dent on the presence of oxidized (S-glutathionylated)
cysteines, the anti-GSH antibody might detect other oxida-
tive events, or free GSH, in addition to PSSG.

Detection of PSSG in Alveolar Macrophages

We next evaluated whether presence of PSSG could be
detected in specific cell types, and whether this was
modulated following acute exposure to the proinflamma-
tory agent, LPS. Scanning of sections from control mice
revealed distinct cells, with the appearance of alveolar
macrophages, which contained high fluorescence follow-
ing Grx1-catalyzed derivatization, and increases in num-
bers of cells with high PSSG content were apparent in
mice exposed to LPS (Figure 3, A and B), which likely

represent infiltrating macrophages.29 Bronchoalveolar
lavage (BAL) analysis of control mice confirmed that mac-
rophages were highly reactive when subjected to Grx1-
based cysteine derivatization. However, only minor further
increases in PSSG reactivity occurred in BAL samples ob-
tained from LPS treated mice that were non-statistically
significant (Figure 3, D and E). In contrast, infiltrating neu-
trophils recognized based on their characteristic nuclear
shape did not have detectable PSSG, when evaluated us-
ing the Grx1-based cysteine derivatization strategy (Figure
3E). Detectable PSSG in the epithelium appeared to de-
crease slightly, but not statistically significantly, following
LPS challenge, compared with PBS controls (Figure 3, A
and B). As was demonstrated earlier in Figure 1, omission of
GSH from the reaction mix did not result in detectable
fluorescence signal in lung tissues (Figure 3C) or BAL sam-
ples (Figure 3F). It is possible that the BAL procedure may
have affected the patterns of PSSG subsequently observed
in the lung tissue. However, comparative evaluation of
PSSG in situ in lavaged and non-lavaged lungs demon-
strated no differences in the extent or regional patterns of
PSSG (data not shown).

Modulation of PSSG Reactivity in Lung Tissue in
Mice with Acute Lung Injury or Fibrosis

We next evaluated whether modulation of PSSG occurred
in models of acute lung injury and fibrosis. As is demon-

Figure 2. Comparative evaluation of PSSG re-
activity in lung tissue using Grx1-based cysteine
derivatization, and an anti-GSH antibody. A:
Evaluation of PSSG in control mouse lung using
anti-GSH antibody (red). B: Evaluation of PSSG
in control mouse lung using Grx1-catalyzed cys-
teine derivatization (red). Green reflects DNA
content. C and D: Assessment of PSSG reactivity
in control mouse lung following reduction of
PSSG with the thiol reducing agent, BME, before
analysis of the tissue with anti-GSH antibody (C)
or Grx1-based cysteine derivatization (D). In-
sets: Top, PSSG reactivity in bronchial epithe-
lium; bottom. PSSG reactivity in parenchymal
regions. Mean RFI values for PSSG or anti-GSH
antibody reactivity based on scanning of four
optical images per panel were as follows. A:
Anti-GSH antibody; bronchial epithelium, 31
(2); parenchyma, 21 (4). B: Grx reaction mix;
bronchial epithelium, 23 (2); parenchyma, 16
(2). C: Anti-GSH antibody plus BME; bronchial
epithelium, 19 (4); parenchyma, 11(2). D: Grx
reaction mix plus BME; bronchial epithelium, 2
(1); parenchyma, 2 (2).
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strated in Figure 4B, exposure of mice to 25 ppm NO2 for
6 hours/day for 3 days resulted in a marked increase in
detectable PSSG (Figure 4, A–C). Increases in PSSG
were most apparent and statistically significant in the
lung parenchymal and vascular regions, while less ap-
preciable changes that were not statistically significant
occurred in the epithelium of the conducting airways.
Conversely, exposure of mice to �95% O2 for 3 days’
exposure resulted in no clear increases in PSSG (Figure
4, D–F), suggesting that modulation of PSSG depends on
the nature of the oxidative insult. Changes in the oxidative
environment have been described in lungs from patients
with pulmonary fibrosis or in mouse models of fibrosis,
and changes in homeostasis of glutathione herein have
been reported.30,31 We therefore determined next whether
the PSSG patterns were affected in the bleomycin model
of fibrosis, using the Grx1-based cysteine derivatization
protocol. In mice exposed to bleomycin, statistically sig-
nificant increases in PSSG reactivity were apparent within
the bronchial epithelium and parenchymal regions, as
compared with PBS controls (Figure 5, A–D).

Modulation of Grx1 Expression in Lung Tissue
of Mice in Situ

The observed changes in PSSG in response to NO2 or
bleomycin could be due to alterations in endogenous
expression of Grx1, the enzyme responsible for de-glu-
tathionylation. We therefore examined whether expres-
sion of Grx1 was affected in response to these agents.
Results in Figure 6 demonstrate that in response to NO2

exposure, increases in Grx1 immunofluorescence oc-
curred within the bronchial epithelium, while Grx1 expres-
sion was lower in parenchymal regions (Figure 6, A–C).
Overall patterns of expression of Grx1 inversely corre-
lated with PSSG staining patterns in mice exposed to
NO2 (compare Figures 6B and 4B). However, in mice
exposed to bleomycin, increases in Grx1 expression oc-
curred within the bronchial epithelium (Figure 6, D–F),
which also showed marked increases in PSSG (Figure
5B). It is noteworthy to highlight that isolated cells within
parenchymal regions, which morphologically resembled
alveolar macrophages, showed apparent increases in

Figure 3. In situ analysis of PSSG reactivity in lung tissue (A–C) or cells obtained via bronchoalveolar lavage (D–F) from mice 16 hours following
oropharyngeal aspiration of PBS or LPS. PSSG was evaluated using Grx1-catalyzed cysteine derivatization as described in Figure 1. Magnification, �200.
Red, PSSG; green, DNA content. Insets in A–C: Top, PSSG reactivity in bronchial epithelium; bottom: PSSG reactivity in parenchymal regions. Insets in
D–F reflect PSSG reactivity in BAL cells, as described in Figure 1. C and F: Negative control in which GSH was omitted from the derivatization reaction
in lung tissue (C), or BAL cells (F). RFI values, mean (SEM), obtained from analyzing four optical images per panel were as follows. A: PBS; bronchial
epithelium, 52 (13); parenchyma, 40 (12); B: LPS; bronchial epithelium, 36 (10); parenchyma, 31 (17). C: �GSH; bronchial epithelium, 5 (2); parenchyma, 2
(1). D–F: RFI values for macrophages obtained via bronchoalveolar lavage. D: PBS; 89 (14); E: LPS; 104 (10); F: �GSH, 0 (0). Note that in B, PSSG reactive cells within
airspaces, which resembled macrophages were omitted from the analyses. Note that in E, neutrophils were omitted from the semiquantitative analyses. Arrows in A and
B represent cells with the morphological appearance of alveolar macrophages.

In Situ Detection of S-Glutathionylation 41
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Grx1 expression, both in response to NO2 or bleomycin
(Figure 6, B and D, insets), consistent with previous ob-
servations demonstrating Grx1 expression in human lung
macrophages.17

Discussion

While oxidants have been implicated in a multitude of
lung diseases, their exact role in the disease process has
remained enigmatic. This is partially related to the occur-
rence of multiple redox changes, in association with the
production of diverse oxidants with unique reactivities.
Despite the recent development of new a redox biosen-
sor probe that enables the imaging of changes in GSH/
GSSG status in real time with great specificity and
special/temporal resolution,32 specific tools to probe
oxidative events with relevance for cell signaling in bio-
logical settings, such as S-glutathionylation, in situ were
unavailable, contributing to the lack of understanding of
the mechanism whereby redox changes affect lung ho-
meostasis. The recently required ability to trap and label
proteins that are targeted by reversible cysteine oxida-
tions enables investigators to determine, for the first time,

which proteins are regulated via cysteine oxidations in
intact tissues.

In the present study we describe and validate a new
method to detect PSSG in tissues in situ, taking advan-
tage of the highly specific enzymatic activity of Grx1
toward reduction of PSSG back to free thiols in this set-
ting.4,5 This procedure is somewhat analogous to the
TUNEL assay, which employs the enzymatic properties of
terminal deoxytransferase to nick translate and subse-
quently label fragmented DNA, generated in cells under-
going apoptosis.33 Our results demonstrate that Grx1-
based cysteine derivatization can be applied to paraffin
embedded lung tissues, is highly specific, and allows the
demonstration of regional and stimulus-specific changes
in PSSG. It also does not require the use of antibodies,
avoiding the inherent problems with specificity of anti-
bodies. Indeed comparative evaluation of Grx1-based
cysteine derivatization, and an antibody directed against
GSH demonstrated that, although in control lung tissue
overall staining patterns were somewhat similar, chemi-
cal reduction of PSSG with �-mercaptoethanol failed to
abolish the reactivity of the anti-GSH antibody (Figure 2,
compare C with A), suggesting that this antibody might

Figure 4. Evaluation of PSSG in lungs of mice following inhalation of NO2 (A–C) or �95% oxygen (D–F). Red, PSSG reactivity; green, DNA content. Magnification,
�200. Insets: Top, PSSG reactivity in bronchial epithelium; bottom, PSSG reactivity in parenchymal regions. A and D: Respective sham air exposures for the
individual experiments. C and F: Negative control in which GSH was omitted from the derivatization reaction in lung tissue. RFI values; mean (SEM) values for
bronchial epithelium and parenchymal regions in each inset, obtained from evaluating four to seven optical images per group, were as follows. A: Air; bronchial
epithelium, 42 (5); parenchyma, 31 (7). B: NO2; bronchial epithelium, 69 (6); parenchyma, 77 (8)*. C: –GSH control; bronchial epithelium, 10 (2); parenchyma,
3 (1). D: Air; bronchial epithelium, 33 (3); parenchyma, 40 (5). E: 95% oxygen; bronchial epithelium, 53 (13); parenchyma, 30 (5). F: �GSH control; bronchial
epithelium, 7 (1); parenchyma, 12 (1)*. *P � 0.05; analysis of variance compared with parenchymal region in A.
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detect other oxidative events, or free GSH in lung tissues,
in addition to PSSG.

The primary locations of PSSG reactivity within lung
observed here were the bronchial epithelium, and alve-
olar macrophages. Although the PSSG staining pattern in
macrophages in the intact lung tissue awaits further con-
firmation using a macrophage specific marker, evaluation
of BAL samples from control mice, which consists of
�99% alveolar macrophages (data not shown) confirms
marked PSSG reactivity in alveolar macrophages. Al-
though PSSG reactivity has not been evaluated in lung
tissue in situ previously, we recently demonstrated that
Grx1 expression was increased in bronchial epithelium in
mice with allergic airways disease.16 Grx1 immunoreac-
tivity also has been detected in bronchial epithelium from
humans.17 The most striking reactivity of PSSG was ob-
served in alveolar macrophages, which also have been
demonstrated to express Grx1.17 In contrast to our ex-
pectations, we did not observe detectable PSSG reactiv-
ity in neutrophils obtained via BAL following administra-
tion of LPS. This is surprising given the high oxidant
producing capacity of these cells, and the decreases in
GSH content that have been observed following their
activation34 in association with increases in PSSG.35 It is
plausible that under the current experimental conditions,
insufficient neutrophil activation occurred to induce in-
creases in PSSG, although this possibility remains to be
formally tested.

This study also demonstrates that PSSG reactivity
changes in lungs of mice subjected to oxidant-induced
acute lung injury and the bleomycin model of pulmonary
fibrosis. PSSG reactivity was affected in a stimulus-spe-
cific manner. While the oxidant gas, NO2, caused wide-
spread increases in PSSG in lung tissue, which were

most apparent in parenchymal regions, virtually no in-
creases in PSSG were observed in lungs of mice ex-
posed to �95% oxygen for similar times (Figure 4), sug-
gesting that changes in PSSG do not occur as a result to
all forms of oxidant stress, but appear to be stimulus-
specific. These results are in agreement with previous
observations demonstrating that the sites and mecha-
nisms of injury induced by NO2 and oxygen are dis-
tinct.36,37 It is, however, possible that increases in PSSG
could have occurred to a lesser extent, or with different
kinetics in response to hyperoxia. Evaluation of these
possibilities would require additional investigation, which
was beyond the scope of the present manuscript. None-
theless, the lack of overt changes in PSSG reactivity in
response to hyperoxia observed in the present study, are
in agreement with a recent study demonstrating that mice
lacking Grx1 are not more susceptible to hyperoxia-in-
duced lung injury,14 findings that collectively suggest
that the Grx1/PSSG redox module may not be a major
determinant of acute lung injury in response to hyperoxia.

Increases in oxidative stress have been observed in
humans with pulmonary fibrosis as well as in mouse
models of fibrosis, and a role of glutathione herein is
apparent.30,31,38 The outcome of a recent clinical study
that involved the glutathione precursor, N-acetyl-l-cys-
teine has suggested a potential therapeutic effect,39 war-
ranting additional studies into the role of changes in the
glutathione homeostasis in pulmonary fibrosis. Our
present study demonstrates for the first time that in-
creases in PSSG content occur in the bleomycin model of
fibrosis, and suggests that changes in PSSG may play a
role in the process of fibrogenesis. A recent study also
demonstrated that PSSG content increased in patients
with non-alcoholic fatty liver disease in correlation with

Figure 5. Evaluation of PSSG in lungs of mice with bleomycin-induced pulmonary fibrosis using
Grx1-catalyzed cysteine derivatization. A and B: Lungs were evaluated 21 days after administration of
bleomycin (Bleo) or PBS as a vehicle control. Red, PSSG reactivity; green, DNA content. Magnification,
�200. C: Negative control in which GSH was omitted from the derivatization reaction in lung tissue.
Insets: Top, PSSG reactivity in bronchial epithelium; bottom, PSSG reactivity in parenchymal regions. D:
Semiquantitative assessment of increases in PSSG in lung tissues of mice exposed to bleomycin as
compared with controls. RFI values were determined in bronchial epithelial and parenchymal regions of
seven mice/group. Three optical fields per mouse were evaluated for each region. *P � 0.05 (analysis of
variance) compared with PBS controls.
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steatohepatitis and liver fibrosis, based on evaluation of
tissues using an antibody directed against GSH,23 and
supports a putative link between PSSG and fibrogenesis.
However, additional studies that specifically modulate of
PSSG content in vivo, and evaluate sections from patients
with fibrosis, will be required to solidify those specula-
tions, and implementation of the Grx1-based derivatiza-
tion assay described herein will be instrumental in those
endeavors.

Steady-state levels of PSSG in cells are controlled by
the activity of Grx. Thus, the extent of PSSG reactivity
observed in tissue in situ is likely dependent on the
amount of expression of Grx. We have demonstrated
previously that mRNA expression en enzymatic activity of
Grx1 is affected by a wide array of cytokines, and also
that its expression is increased bronchial epithelium of
mice with allergic inflammation.16 Similarly we demon-
strate in the present study that immunoreactivity of Grx1
is increased in mice with NO2-induced acute lung injury,
or bleomycin-induced fibrosis, and that increases in Grx1
expression predominantly occurred in the bronchial epi-
thelial cells. These increases in Grx1 expression might
have dampened the extent to which increases in PSSG
content increased in these regions, and absence or low
levels of apparent Grx1 expression in parenchymal re-
gions might have permitted the larger increases in PSSG
reactivity observed in those locations. Evaluation of re-

gional differences in PSSG content, and expression of
Grx1 will require additional studies based on strict ste-
reological criteria to solidify conclusions about the extent
to which these parameters change in different compart-
ments of the lung. Such studies, which were beyond the
scope of the present study, can also include the use of
antibodies to label specific cells, to determine the extent
to which PSSG reactivity is affected in individual cell
types.

In conclusion, this study describes and validates a
novel approach that allows investigators for the first time
to evaluate PSSG in lung tissue in situ. The methodology
described herein relies on sequential steps of cysteine
blocking, reduction and labeling, and takes advantage of
the highly specific catalytic activity of Grx1 toward reduc-
tion of PSSG, in this setting, and can be used in paraffin
embedded tissues. Grx1-catalyzed cysteine derivatiza-
tion allows detection of reversible cysteine oxidations that
are only beginning to be evaluated in intact tissues,
and may represent a highly sensitive marker for subtle
changes in the redox environment, for which currently no
other assays exist. Application of the presently described
method will open the door toward the unraveling of the
functional significance of PSSG in pulmonary as well as
other human diseases where changes in glutathione ho-
meostasis have been documented.

Figure 6. In situ analysis of Grx1 expression in the lungs of mice following inhalation of 25 ppm NO2 (A–C) or administration of bleomycin (D–F) or vehicle
controls. Red, Grx1 expression; green, DNA content. Magnification, �200. Insets: Zoom � 4�. C and F: Negative controls in which the primary antibody was
omitted.
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