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The mechanism by which oxidative stress induces inflammation
and vice versa is unclear but is of great importance, being
apparently linked to many chronic inflammatory diseases. We
show here that inflammatory stimuli induce release of oxidized
peroxiredoxin-2 (PRDX2), a ubiquitous redox-active intracellular
enzyme. Once released, the extracellular PRDX2 acts as a redox-
dependent inflammatory mediator, triggering macrophages to
produce and release TNF-a. The oxidative coupling of glutathione
(GSH) to PRDX2 cysteine residues (i.e., protein glutathionylation)
occurs before or during PRDX2 release, a process central to the
regulation of immunity. We identified PRDX2 among the gluta-
thionylated proteins released in vitro by LPS-stimulated macro-
phages using mass spectrometry proteomic methods. Consistent
with being part of an inflammatory cascade, we find that PRDX2
then induces TNF-a release. Unlike classical inflammatory cyto-
kines, PRDX2 release does not reflect LPS-mediated induction of
mRNA or protein synthesis; instead, PRDX2 is constitutively pres-
ent in macrophages, mainly in the reduced form, and is released in
the oxidized form on LPS stimulation. Release of PRDX2 is also
observed in human embryonic kidney cells treated with TNF-o.
Importantly, the PRDX2 substrate thioredoxin (TRX) is also re-
leased along with PRDX2, enabling an oxidative cascade that can
alter the —SH status of surface proteins and thereby facilitate ac-
tivation via cytokine and Toll-like receptors. Thus, our findings
suggest a model in which the release of PRDX2 and TRX from
macrophages can modify the redox status of cell surface receptors
and enable induction of inflammatory responses. This pathway
warrants further exploration as a potential novel therapeutic tar-
get for chronic inflammatory diseases.

cysteine oxidation | thiol oxidation | redox proteomics

Inﬂammation, an essential component of the innate immune
response to pathogens, is also clearly implicated in the path-
ogenesis of many diseases, including rheumatoid arthritis, mul-
tiple sclerosis, ischemia-reperfusion injury, and complications of
sepsis. Most of these diseases are also associated with increased
production of reactive oxygen species (ROS), which results in
oxidative stress (1, 2) and causes various forms of protein oxi-
dation (3). Here we present evidence indicating that protein
oxidation results in the release of inflammatory signals and
identify peroxiredoxin-2 (PRDX2) as such a signal.

The tripeptide glutathione (GSH) is the main intracellular
thiol antioxidant. Decreased GSH levels result in increased
ROS, impaired immune responses, inflammation, and increased
susceptibility to infection (4). Recent studies point to a role for
GSH, as well as its oxidized form (GSSG), in the regulation of
cellular function and gene expression, activities that go well be-
yond the free radical scavenger action commonly associated with

www.pnas.org/cgi/doi/10.1073/pnas.1401712111

GSH (5-7). Importantly, GSH participates in the redox regulation
of immunity (8, 9) via the formation of mixed disulfides between
protein cysteines and glutathione. This process, commonly referred
to as glutathionylation, is known to regulate signaling proteins and
transcription factors. Thus, in earlier studies in which we introduced
the term redox proteomics for methods similar to those used here,
we identified several glutathionylated proteins in human mitogen-
activated T lymphocytes (10, 11).

In this study, we used redox proteomics to demonstrate that
immune activation induces macrophages to release glutathiony-
lated proteins, most likely via a nonclassical pathway. Thus, we
show that the glutathionylated (oxidized) form of the intracellular
redox enzyme PRDX2 is among the proteins released in response
to inflammatory stimuli.

We also show that recombinant PRDX?2 induces macrophages
to produce TNF-« in the absence of any other stimuli. Thus, we
demonstrate that the thioredoxin peroxidase PRDX2 is appro-
priately classified as a danger signal, meaning a molecule that is
released by cells undergoing stress and acts as an immune me-
diator (12).

Significance

Inflammation often complicates diseases associated with oxi-
dative stress. This study shows that inflammatory macrophages
release proteins with specific forms of cysteine oxidation to
disulfides, particularly glutathionylation. Redox proteomics iden-
tified peroxiredoxin 2 (PRDX2) as a protein released in gluta-
thionylated form by inflammation both in vivo and in vitro.
Extracellular PRDX2 then triggers the production of TNF-a. These
data indicate that redox-dependent mechanisms, in an oxidative
cascade, can induce inflammation.
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Finally, we show that PRDX2 is released together with its
substrate, thioredoxin 1 (TRX1). TRX1 in turn can alter the
redox state of several proteins, including membrane proteins.
Thus, we propose a model in which inflammatory signals trigger
an oxido-reduction cascade of secreted redox enzymes that act in
concert as soluble immune regulators in inflammatory responses.

Results

Glutathionylated Proteins Released by LPS-Stimulated Macrophages:
Identification of PRDX2 Release. When cells are preloaded with
biotinylated glutathione (BioGEE), the glutathionylated proteins
become labeled with biotin and can be affinity-purified on
streptavidin and detected by nonreducing Western blot analysis
using streptavidin-peroxidase. As shown in Fig. 1, LPS-stimulated
RAW264 macrophages release several glutathionylated pro-
teins into the culture supernatant. The fact that reducing
mixed disulfides with DTT results in loss of the majority of the
bands confirms that the labeling is specifically attributed to
glutathionylation.

Having established that LPS-treated cells release gluta-
thionylated proteins, we then identified those proteins by redox
proteomics. Proteins from supernatants of BioGEE-preloaded,
LPS-stimulated RAW264 cells were affinity-purified on strep-
tavidin beads. Shotgun proteomics identified several proteins,
including PRDX2. We decided to focus on PRDX?2 despite the
low peptide coverage with which it was identified (13.6% in
a first experiment and 30% in a second experiment; Tables S1
and S2), mainly because we previously demonstrated a cyto-
kine-like function for TRX, another glutathionylated, releasable
thiol-disulfide oxidoreductase (13). The proteomics results were
validated by Western blot analysis or ELISA, to confirm LPS-in-
duced PRDX2 secretion. We also immunoprecipitated PRDX2,
followed by Western blot analysis with an anti-GSH antibody to
confirm its glutathionylation.

Western blot analysis of the supernatants from RAW?264 cells
showed that LPS induces release of PRDX2 (Fig. 24). Analysis
of the corresponding cellular lysates showed that LPS does not
increase the intracellular PRDX2 levels (Fig. 2B). In fact, there
was a small decrease in intracellular levels of PRDX2, consistent
with the hypothesis that LPS induces the release of preexisting
PRDX2 and that intracellular PRDX2 levels are not rapidly
replenished. The induction of PRDX2 release by LPS was dose-
dependent and detectable at an LPS concentration as low as

b

+DTT

Fig. 1. Glutathionylated proteins are released by LPS-stimulated RAW264
cells. Supernatants from BioGEE-preloaded cells exposed to 100 ng/mL LPS
for 24 h were analyzed by Western blot analysis with streptavidin peroxi-
dase. Left lane, nonreduced sample; right lane, sample reduced with 10 mM
DTT before loading on the gel.
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Fig. 2. LPS induces PRDX2 release. (A) Western blot of supernatants from
RAW264.7 cells treated for 24 h with and without 100 ng/mL LPS. PRDX2 was
measured in triplicate samples each derived from an independent well.
(Upper) Western blot with anti-PRDX2. (Lower) Ponceau red staining. (B)
Intracellular PRDX2 in the cell lysates of the experiment in A. (Upper)
Western blot with anti-PRDX2. (Lower) Western blot with anti-GAPDH. (C)
PRDX2 in supernatant from RAW264 cells treated for 24 h with different
concentrations of LPS. (D) PRDX2 in the corresponding lysates. Percentages
of viable cells, as mean + SD of quadruplicate samples, were 98 + 2% with
0.01 ng/mL LPS, 95 + 7% with 0.1 ng/mL LPS, 92 + 4% with 1 ng/mL LPS, 91 +
3% with 10 ng/mL LPS, and 90 + 2% with 100 ng/mL LPS. (E) Time course of
PRDX2 release in supernatants from cells treated with 100 ng/mL LPS for 8,
16, or 24 h.

0.01 ng/mL (Fig. 2C). Again, this was not attributed to induction
of total intracellular PRDX2 (Fig. 2D). Time-course experiments
showed that PRDX2 is released relatively late (24 h) after LPS
stimulation (Fig. 2E).

All of the electrophoreses in the foregoing experiments were
performed under nonreducing conditions. It can be seen that the
PRDX2 released was almost exclusively in the form of a dimer
(~40 kD), whereas intracellular PRDX2 was present both as a
monomer and as a dimer. These results are consistent with the
knowledge that PRDX2 can form disulfide-linked dimers that
represent the catalytically active form of the protein (14).

To gain better insight into the release of PRDX2 from in-
flammatory cells, we next investigated whether its release is
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Fig. 3. PRDX2 release in different experimental conditions. (A) PRDX2
mMRNA in RAW264 cells at 4 h or 24 h after stimulation with 100 ng/mL LPS.
PRDX2 mRNA expressed in arbitrary units (normalized to GAPDH as de-
scribed in Materials and Methods), representing the fold change relative to
one of the control samples at 4 h. Results are the mean + SD of triplicate
samples analyzed in duplicate. (B) Release of PRDX2 by human macrophages
(Left) or PBMCs stimulated with 100 ng/mL LPS for 24 h. PRDX2 was mea-
sured by ELISA in triplicate samples of macrophages from four donors or
PBMCs from five donors. Mean + SD values for macrophages were control,
3.22 + 1.92 ng/mL and LPS, 4.97 + 2.69 ng/mL. Mean =+ SD values for PBMCs
were control, 2.90 + 2.54 ng/mL and LPS, 8.10 + 6.31 ng/mL. Increases were
statistically significant for both macrophages and PBMCs (P < 0.05, t test for
paired data). (C) Release of PRDX2 by PBMCs at physiological oxygen con-
centration. PBMCs were stimulated with 100 ng/mL LPS for 24 h under
physiological (5%; Left) or atmospheric (20%; Right) oxygen levels. PRDX2
was measured by ELISA in triplicate PBMC samples from three donors. *P <
0.05; **P < 0.01; ***P < 0.001 vs. respective control (without LPS), Student t
test. (D) PRDX2 released by HEK 293T cells stimulated with 50 ng/mL TNF-a
for 24 h. Each lane represents an independent biological sample.

associated with induction of its transcription, and also whether
PRDX2 is released by other cells, including primary cells.
LPS-stimulated release of PRDX2 was not accompanied by in-
duction of PRDX2 mRNA at either 4 h or 24 h after stimulation
(Fig. 34). In contrast, in the same 4-h or 24-h samples, mRNA
encoding TNF-a, a classical inflammatory cytokine, increased
dramatically (ratio to control, 20 + 1.1 at 4 h and 29 + 3.7 at 24 h;
n = 3). We also investigated the release of PRDX2 by LPS-
stimulated primary human macrophages and peripheral blood
mononuclear cells (PBMCs) from different donors. These
experiments, in which human PRDX2 was measured in the 24-h
supernatant by ELISA, confirmed the induction of its release by
LPS (Fig. 3B).

All of these experiments were performed in standard cell
culture incubators kept at atmospheric oxygen concentration
(20%). However, cells are normally exposed to physiological
oxygen levels that are twofold to fourfold lower, and several
immune responses are dependent on oxygen concentration (15).
We have investigated whether atmospheric oxygen might have
artifactually increased PRDX2 release because, for instance,
oxidative stress might alter the redox state of PRDX2. We have
compared the release of PRDX2 by PBMCs cultured under at-
mospheric (20%) or physiological (5%) oxygen concentration.
As shown in Fig. 3C, oxygen concentration did not affect either
basal PRDX2 release or the release in response to LPS. Finally,
the release of PRDX2 was not restricted to LPS-stimulated
monocytes/macrophages, but was observed in HEK 293 cells
treated with TNF-a as well (Fig. 3D).

Salzano et al.

To prove that released PRDX2 is glutathionylated, we immu-
noprecipitated PRDX2 from the supernatant of LPS-stimulated
RAW264 cells, then performed Western blot analysis with an anti-
GSH antibody. Fig. 4 shows a glutathionylated band compatible
with the PRDX2 dimer (indicated by an arrow), but nothing
corresponding to the PRDX2 monomer. The same band was also
visible on staining with anti-PRDX2 antibodies, thus confirming its
identity as PRDX2. Of note, in the immunoprecipitated sample
(lane 1), two bands were stained similarly by anti-PRDX2 anti-
bodies, but the upper band was more intensely stained by anti-GSH
antibodies, suggesting that the doublet may represent micro-
heterogeneity owing to glutathionylation.

Proinflammatory Activity of Human Recombinant (hr)PRDX2. We
then investigated whether hrPRDX2 induces TNF-a production.
As shown in Fig. 54, PRDX2 at 10 pg/mL stimulated TNF-o
release by RAW264 cells to a comparable extent as the danger
signal HMGBI at 1 pg/mL or LPS at 50 pg/mL. The hrPRDX2
preparation used was cleaned of potential LPS contamination
using Detoxi-gel columns as described in Materials and Methods, and
was found to be free of LPS contamination by the limulus amoe-
bocyte lysate assay (limit of sensitivity, 0.06 EU endotoxin/mL).
However, to completely rule out the possibility that residual
LPS might account for the effect of hrPRDX2, we also tested
the protein after preincubation with the LPS inhibitor poly-
mixin B at 10 pg/mL. Polymixin B (Fig. 54, closed bars), while
inhibiting TNF-a release induced by LPS, did not affect that
induced by hrPRDX2. The effect of hrPRDX2, like that of
LPS, was augmented by preincubation of the cells for 18 h
with 100 U/mL IFN-y (Fig. 5B). PRDX2 also induced TNF-a
production by human primary macrophages from four donors
(Fig. 5C).

Thioredoxin-1 Is Secreted Along with PRDX2. Because PRDX2 is
a TRX peroxidase, we deemed it important to evaluate whether
its substrate is released under the same experimental conditions.
As shown in Fig. 6, TRX1 was also released by PBMCs from all
donors tested, and LPS significantly augmented its release. As
with PRDX2, oxygen concentration had no significant effect on
TRX1 secretion.

Discussion

We document here that glutathionylated proteins, previously
known to be mainly cytoplasmic (10, 11), are also released under
inflammatory conditions. In particular, we found that LPS stim-
ulates the release of PRDX2 in both human and mouse macro-
phages and in human PBMCs. PRDX2 is also released by HEK
293T cells treated with TNF-q, indicating that its secretion is also
induced by a well-known inflammatory cytokine, not just in re-
sponse to LPS.

WB: anti-PRDX2

5 WB: anti-GSH

2

Fig. 4. PRDX2 in supernatants from LPS-treated cells is glutathionylated.
The sample was immunoprecipitated with anti-PRDX2. Lane 1, immuno-
precipitate; lane 2, total supernatants before immunoprecipitation. (Left)
Western blot with anti-GSH. (Right) Western blot with anti-PRDX2.
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Fig. 5. hPRDX2 induces TNF-o production. (A) hrPRDX2 was added at 10 pg/mL
to RAW264 cells, and TNF-a production was measured 24 h later by ELISA
in triplicate samples. Solid bars represent PRDX2 preincubated with poly-
mixin B, as described in the text; open bars represent PRDX2 preincubated
without polymyxin B. (B) TNF-a induction by hrPRDX2 in RAW cells pre-
treated with 100 U/mL IFN-y or not pretreated. *P < 0.01 vs. control (A) or vs.
PRDX2 alone (B). (C) hrPRDX2 was added to human primary macrophage
cultures from four donors, and TNF-a production was measured by ELISA
24 h later in triplicate.

The characteristics of PRDX2 production are completely dif-
ferent from those of classical proinflammatory cytokines. Unlike
TNF-a, PRDX2 is constitutively expressed in the cells and is re-
leased on stimulation with LPS. Also in contrast to TNF-o, PRDX2
mRNA is not up-regulated by LPS. These features, and the kinetics
of PRDX2 release shown in Fig. 2E, are similar to those of
HMGBI, which is considered a late mediator of inflammation (16).

Moreover, like HMGB1, PRDX2 does not have a signal
peptide, suggesting that its release does not occur via the clas-
sical secretory pathway. Because cysteine oxidation has been
shown to be involved in the nucleocytoplasmic transport of
HMGBI (17), our findings suggest that the cysteine oxidation
we have demonstrated enables the release of PRDX2. In fact, non-
classical release pathways are not uncommon among inflammatory
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mediators; for example, IL-1a, IL-1p, and TRX are known to be
released through nonclassical pathways (18, 19).

Interestingly, whereas intracellular PRDX2 is both monomeric
and dimeric, PRDX2 is released only as a dimer. Like other
PRDXs, PRDX2 is known to form disulfide-linked homodimers
during its catalytic cycle (14). Interestingly, glutathionylation
seems to target a cysteine not involved in dimer formation. In
fact, Western blot analysis with anti-GSH antibodies after
immunoprecipitation for PRDX2 revealed glutathionylation of
the dimer.

Like HMGB1, PRDX2 induces production of TNF-a (16);
thus, both proteins may function to amplify signals of the TNF-
a—induced inflammatory response. This is germane to a report
indicating that PRDX1 has proinflammatory activity in vitro
(20). Although the present study focuses on its release by mac-
rophages stimulated with a classical inflammatory agent, LPS,
which acts through TLR4, any necrotic cell will release PRDX2.
In agreement with this, a recent paper reported that various
PRDXs are released and mediate inflammation in mouse brain
following ischemia induced by middle cerebral artery occlusion
(21). All of these data suggest that PRDX2 may act as a danger
signal, a term that identifies inflammatory molecules released by
stressed or inflammatory cells (12, 22). Various studies have
reported the presence of PRDXs in body fluids including plasma
and bronchoalveolar lavage fluids, their secretion by cancer cells,
and detection in sera from cancer patients, suggesting that
PRDXs may be a link between inflammation and cancer (23).

PRDX2 is not the only oxidoreductase to be released and act
as a short-range stimulus, i.e., as a cytokine. TRX is also released
by monocytes (24), and we previously reported that extracellular
TRX is a chemoattractant for inflammatory cells (13). A trun-
cated form of TRX is also released and has immunomodulating
activities (25).

The observation that TRX1 is released along with PRDX2
following LPS stimulation raises an interesting issue in terms of
the mechanism of cytokine and chemokine-like actions of ex-
tracellular PRDX2 and TRXI1. In fact, PRDX2 is a TRX per-
oxidase, using reduced TRX as the electron donor in the
reduction of H,O,. Our findings show that both the enzyme
(PRDX2) and the substrate (TRX1) are released by activated
macrophages, also known to release H,O; (26). Given that TRX
is also an oxidoreductase, it can oxidoreduce surface thiols,
thereby inducing dimerization or deoligomerization of receptors,
possibly changing their structure and thus causing activation or
inhibition in a cascade fashion, as outlined in Fig. 7. In fact,

20 17 20 1
[5%0, xxx |20%0,

15 1

TRX1 (ng/ml)

+ LPS

Fig. 6. LPS induces the release of TRX1 by PBMCs. Cells were stimulated
with 100 ng/mL LPS for 24 h under physiological (5%; Left) or atmospheric
(20%; Right) oxygen levels. TRX1 was measured by ELISA in triplicate PBMC
samples from three donors. *P < 0.05; **P < 0.01; ***P < 0.001 vs. respective
control (without LPS), Student t test.
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Fig. 7. Metabolic pathways of redox signaling by released PRDX2 and TRX1.

although TRX is often considered only a reducing enzyme,
several studies have shown that it can oxidize protein thiols in an
oxidizing environment and in the absence of TRX reductase.
This has been demonstrated in yeast where TRX reductase was
knocked out (27) and in bacteria where TRX was expressed in
the periplasm (28). The presence of PRDX in the secretome,
along with the absence of NADPH and the presence of H,O,,
might favor the action of TRX as an oxidant of membrane
proteins in target cells. Thus, depending on the presence and
concentrations of thiol antioxidants and H,O, in the secretome,
TRX could act as an oxidizing or reducing agent.

A number of cytokine receptors can be activated by disulfide-
mediated dimerization. For instance, homodimerization of the
erythropoietin receptor through disulfide linkage causes its ac-
tivation (29), reduction of a labile disulfide bond of CD132
inhibits IL-2 signaling (30), and, finally, disulfide-linked receptor
heterodimerization is essential for the signaling of IL-3, IL-5,
and GM-CSF (31). We thus propose a mechanism by which TRX
and PRDX2 could regulate immunity through oxidoreduction of
membrane thiols/disulfides.

Other oxidoreductases are released during infection or inflam-
mation and participate in a more complex metabolic pathway.
We previously reported that xanthine oxidase, a superoxide-
generating enzyme, is released into the circulation on injection of
mice with LPS or IFN inducers, such as double-stranded RNA
(32). One of the first cytokines identified, migration-inhibitory
factor, has a TRX redox active domain (33) and is released as
a cysteinylated protein (34). Protein disulfide isomerase, com-
plexed with TRX, is present on the cell surface and associates
with TNF receptors (35).

These enzymes that have cytokine-like activities after release
can be termed “redoxkines” and may be important mediators of
sterile inflammation in diseases associated with redox imbalance.
Their redox state and oxidative posttranslational modifications,
including glutathionylation, likely play roles in regulating their
activity, stability, or release, thereby providing a mechanism for
redox regulation of immunity. Many chronic inflammatory dis-
eases (e.g., theumatoid arthritis, Crohn’s disease, multiple scle-
rosis) critically involve cytokine activation and oxidative stress, and
the pathways described here might be of importance and worth
exploring for possibly defining new therapeutic approaches.

Materials and Methods

Reagents. LPS, Escherichia coli 055:B5, was obtained from Sigma-Aldrich.
HMGB-1 was a gift from K.J. Tracey (North Shore University Hospital, Manhasset,
NY). Rat recombinant IFN-y and human recombinant TNF-a were obtained from
R&D Systems. Human recombinant PRDX2 was expressed in E. coli as described
elsewhere (36) and cleared from LPS contamination using Detoxi-Gel columns
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(Pierce). Purified PRDX2 was then tested for LPS contamination using the
limulus amoebocyte lysate assay (Pyrogent Plus; Lonza).

Cell Culture. RAW264.7 cells were cultured in RPMI medium 1640 (PAA
Laboratories) with 10% FBS (Life Technologies). GSH labeling and LPS
stimulation were performed in serum-free Opti-MEM | medium (Life Tech-
nologies) (16). Cell viability was measured in 96-well microtiter plates using
CellTiterBlue (Promega). HEK 293T cells were cultured in DMEM (PAA Lab-
oratories) with 10% FBS (Life Technologies). Stimulation for 24 h with 50 ng/mL
TNF-a was performed in serum-free DMEM and supernatants used for
Western blot analysis.

Human peripheral blood was purchased from the National Health Service
Blood and Transplant. All donors provided written informed consent. The study
was approved by the local Research Governance and Ethics Committee. PBMC-
and M-CSF—derived macrophages were prepared as described previously (37).
Selected experiments were performed with PBMCs cultured at atmospheric
(20%) or physiological (5%) oxygen concentration, as described elsewhere (15).

Identification of Glutathionylated Proteins and Biochemical Determination.
RAW264.7 cells (1.4 x 10° in 3 mL) were plated in six-well plates. One day
later, the medium was changed to 1 mL of Opti-MEM, and BioGEE (Life
Technologies) was added to a final concentration of 200 uM. One hour later,
LPS was added at a concentration of 100 ng/mL unless specified otherwise.
After 24 h, supernatant was collected, N-ethylmaleimide (NEM) was added
to a final concentration of 40 mM to prevent thiol-disulfide exchange, and
samples were clarified by centrifugation. Supernatants were then desalted
and concentrated using 5-kDa Vivaspin columns (GE Healthcare). In some
experiments, supernatant was analyzed by SDS/PAGE (12% acrylamide) un-
der nonreducing conditions, followed by Western blot analysis. Biotinylated
proteins were visualized using streptavidin peroxidase (Roche) at 1:25,000
dilution. For staining with anti-GSH, a monoclonal anti-GSH primary anti-
body (Virogen) was used at 1:1,000 dilution, followed by an anti-mouse
secondary antibody (Stressgen) at 1:5,000 dilution.

Western blot analysis for PRDX2 was performed using a polyclonal anti-
PRDX2 (Sigma-Aldrich) at 1:1,000 dilution, followed by an anti-rabbit sec-
ondary antibody (Sigma-Aldrich) at 1:100,000 dilution. When intracellular
proteins were analyzed for PRDX2 by Western blot analysis, membranes were
then stripped and reprobed with rabbit monoclonal anti-GAPDH antibodies
(1:1,000 dilution; Cell Signaling Technology) as a loading control. A similar
control was not possible for cell culture supernatants, being in serum-free
medium; in that case, membranes were stained with Ponceau red before
Western blot analyses. The only visible band is shown in the figures as
a loading control. Blots were developed using the ECL WB Analysis System
(GE Healthcare).

For the identification of glutathionylated proteins, desalted and con-
centrated supernatants were incubated with 70 pL of streptavidin beads
(streptavidin immobilized on agarose CL-4B; Sigma-Aldrich), after which the
beads were washed first with PBS and then with NH;COs. The beads were
then subjected to tryptic digestion, performed with 5 pL of 25 ng/mL trypsin
and 45 pL of 25 mM NH4HCO;3 on ice for 45 min, incubated overnight at 37 °C.
The resulting tryptic peptides were extracted by 5% formic acid /50% aceto-
nitrile and concentrated using a SpeedVac (Thermo Scientific). The tryptic
peptide extract was analyzed by liquid chromatography-mass spectrometry
using a reverse-phase chromatograph coupled to a tandem mass spectrome-
ter. Peptide and proteins identifications were obtained using the database
search engine SEQUEST (BioWorks version 3.3; Thermo Scientific) against an IPI
mouse database (version 3.72).

Immunoprecipitation. Supernatant from LPS-treated RAW264 cells, treated
with NEM and concentrated as described above, was incubated with anti-
PRDX2 antibody (Sigma-Aldrich) at 1:60 dilution at 4 °C for 4 h, followed by
precipitation with 40 pL of protein G agarose (Sigma-Aldrich) for 18 h at 4 °C.
Agarose beads were washed three times with PBS and then eluted by boiling
in sample buffer (without reductants) for 4 min. Both the supernatant and
the eluate were analyzed by SDS/PAGE (12% acrylamide) under nonreducing
conditions followed by Western blot analysis with anti-GSH as described
above. The membrane was then stripped and probed with anti-PRDX2.

Immunoassays for PRDX2, TRX1, and TNF-a. When indicated, human PRDX2
was measured using an ELISA kit for human PRDX2 from Antibodies Online.
Human TNF-a was assayed by ELISA, using a DuoSet Kit (R&D Systems).
Human TRX1 was measured by ELISA as described elsewhere (24).

qRT-PCR. Total RNA was extracted with TRIzol (Life Technologies), and RNA
quality and concentration were measured with a NanoDrop ND-1000
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spectrophotometer. Reverse-transcription and quantitative PCR (qPCR) were
performed as reported previously (38) using Tagman gene expression assays
(Applied Biosystems) for mouse PRDX2, TNF-a, and GAPDH (housekeeping).
Relative gene expression was quantified using the comparative threshold
cycle method (AACt), according to Applied Biosystems guidelines. Results
were normalized to GAPDH expression and expressed as arbitrary units,
representing gene expression versus one of the control samples at 4 h.
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