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Abstract: Atherosclerosis is a chronic inflammatory disease involving the accumulation of
monocytes and macrophages in the vascular wall. Monocytes and macrophages play a
central role in the initiation and progression of atherosclerotic lesion development.
Oxidative stress, which occurs when reactive oxygen species (ROS) overwhelm cellular
antioxidant systems, contributes to the pathophysiology of many chronic inflammatory
diseases, including atherosclerosis. Major targets of ROS are reactive thiols on cysteine
residues in proteins, which when oxidized can alter cellular processes, including signaling
pathways, metabolic pathways, transcription, and translation. Protein-S-glutathionylation is
the process of mixed disulfide formation between glutathione (GSH) and protein thiols.
Until recently, protein-S-glutathionylation was associated with increased cellular oxidative
stress, but S-glutathionylation of key protein targets has now emerged as a physiologically
important redox signaling mechanism, which when dysregulated contributes to a variety of
disease processes. In this review, we will explore the role of thiol oxidative stress and
protein-S-glutathionylation in monocyte and macrophage dysfunction as a mechanistic link
between oxidative stress associated with metabolic disorders and chronic inflammatory
diseases, including atherosclerosis.
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1. Introduction

Monocyte recruitment and migration are functional characteristics of the innate and adaptive
immune system [1,2]. Recruitment and subsequent transendothelial migration, stimulated by
chemoattractant cytokines (chemokines), allows monocytes to home to sites of infection, tissue
damage, and inflammation. In tissues, monocytes differentiate into macrophages and then release, in a
highly regulated manner, numerous cytokines, reactive oxygen species (ROS), and proteases in order
to promote inflammatory responses, coordinate the recruitment and activity of other immune cells, and
subsequently, to initiate tissue repair and the resolution of inflammation [3]. In addition to their critical
roles in immune responses, monocyte-derived macrophages are also associated with the initiation
and progression of many chronic inflammatory diseases, including arthritis, multiple sclerosis,
and atherosclerosis.

Atherosclerosis, which is responsible for the majority of cardiovascular diseases (CVD) [4], is a
chronic inflammatory disease characterized by the progressive accumulation of lipids, cholesterol,
calcium, and inflammatory and vascular cells in the vascular wall. Early atherosclerotic lesions are
characterized by the accumulation and prolonged persistence of monocyte-derived macrophages in the
sub-endothelial space and their transformation into lipid-laden foam cells. Through the release of
cytokines and ROS, foam cells and other inflammatory macrophages promote atherosclerotic lesion
formation through inflammatory cell recruitment and vascular remodeling, i.e., smooth muscle cell
migration, extracellular matrix deposition, and platelet activation [3]. Metabolic risk factors for
atherosclerosis include hyperglycemia, hyperlipidemia, and hypertension. All of these risk factors are
associated with chronic inflammation and oxidative stress [4,5]. We provided evidence that
monocyte dysfunction induced by metabolic stress primes monocytes to become hyperresponsive to
chemoattractants [6]. Metabolic priming of monocytes is dependent on Nox4-derived hydrogen
peroxide (H,O,) and protein-S-glutathionylation [6], the reversible formation of mixed disulfides
between glutathione (GSH) and protein thiols [7].

Oxidative stress refers to the imbalance between ROS and cellular antioxidant systems [5]. ROS
produced from the mitochondrial electron transport chain as a result of incomplete reduction of
superoxide, and nitric oxide synthase (NOS) uncoupling contributes to increased cellular ROS
formation. ROS are also produced indirectly as side-products from reactions catalyzed by xanthine
oxidase and acyl CoA oxidase in the peroxisome, or directly by the professional ROS producers,
NADPH oxidases (Noxs) [8]. ROS is a broad term used to describe various oxygen-containing species,
including superoxide radical, hydroxyl radical, nitric oxide, H,O,, peroxynitrite, and hypochlorous
acid [9]. In cells, ROS can be interconverted either enzymatically or non-enzymatically to other
species. For example, superoxide is converted to H,O, by the enzyme superoxide dismutase, and H,O,
can decompose to the hydroxyl radical in the presence of iron via the Fenton reaction. Cellular
antioxidants consist of enzymes, including superoxide dismutase, catalase, glutathione reductase,
glutathione peroxidase, peroxiredoxins, and small molecule redox couples such as glutathione
(GSH)/glutathione disulfide (GSSG) and reduced and oxidized nicotinamide adenine dinucleotide
phosphate (NADP, NADPH), and ROS scavengers, including vitamins E and C, and uric acid [10],
that are designed to counteract increases in ROS levels. ROS produced by NOS uncoupling, the
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mitochondrial electron transport chain, or by Nox, have all been implicated in the development of
cardiovascular diseases, and diabetes and its micro-and macrovascular complications [8,11,12].

The spectrum of oxidative stress varies from physiological to moderate, to severe [13].
Physiological oxidative stress refers to ROS generated under basal cellular conditions or produced in
response to a physiological stimulus. Physiological ROS production is generally transient, localized,
and results in the oxidative modification of specific cellular targets. For example, ROS production in
response to receptor activation by cytokines (tumor necrosis factor-alpha, TNF-a, and interlukin-1,
IL-1) or growth factors (platelet-derived growth factor, PDGF, and epidermal growth factor, EGF)
involves the oxidation of specific proteins and is required for the activation of downstream signaling
cascades (reviewed in [14,15]). Moderate oxidative stress refers to increased or prolonged ROS
production that interferes with ROS-mediated signaling pathways and leads to the dysregulation of
redox signaling. For example, metabolic stress in THP-1 monocytes induces Nox4, increases ROS
production, and hyperactivates cellular pathways, such as the mitogen-activated protein kinase (MAPK)
pathway, that are important in monocyte cell adhesion and migration, thereby contributing to chronic
inflammation associated with metabolic diseases [6,16]. Chronic over-activation of ROS-mediated
pathways can lead to pathological consequences such as atherosclerosis and diabetes [5]. Severe
oxidative stress refers to pathological overproduction of ROS production that indiscriminately oxidizes
targets, causing permanent damage. Many irreversible oxidative modifications such as the oxidation of
thiols to sulfonic acid, and protein carbonylation are the result of high levels of oxidative stress often
associated with metabolic diseases including diabetes and cardiovascular disease [17,18].

ROS-induced oxidative modifications can be found on proteins, lipids, deoxyribonucleic acid
(DNA), carbohydrates, and various other nutrients and metabolites. Proteins are the largest components of
cells and tissues and are thus a major target of ROS [19]. Cysteines comprise 2% of the total amino
acid composition of eukaryotic proteins and represent highly conserved and reactive amino acid
residues in proteins [20-22]. Cysteines are susceptible to oxidation by ROS generated by a variety of
sources and their reactivity increases with decreasing pKa of their thiol [9]. The most abundant
cysteine-containing molecule in the cell, however, is GSH, a small three amino acid peptide that
contains one cysteine, with a concentration of around 1-11 mM in the cytosol [23]. The ratio of
reduced glutathione (GSH) to oxidized glutathione (GSSG) can be used as an estimate of the overall
oxidation state of the cellular thiol redox environment [23,24]. The cytosol is considered to be a
reducing environment with a cytosolic GSH/GSSH ratio equal to or greater than 100 [23]. Measuring
the GSH/GSSG ratio or calculating the overall thiol redox potential based on these GSH/GSSG values,
is a method often used to determine the level of (thiol) oxidative stress of cells or tissues. Shifts toward
a more oxidizing thiol redox status of cells and tissues (high GSSG, low GSH/GSSG ratio) correlate
with disease processes like atherosclerosis and diabetes [25-27].

Thiol oxidative stress refers to the specific oxidation of cysteine and methionine residues in
response to environmental stimuli and modulates both the function and oxidation status of
proteins [21,28]. Protein thiols have been studied extensively for their role in oxidation/reduction
reactions that are critical for a variety of cellular processes, including proliferation, translation and
transcription, signal transduction, and apoptosis [21]. H,O, produced in response to physiological
stimuli, either directly or indirectly via superoxide, has been proposed as a potential mediator of
physiological redox signal transduction due to H,O,’s reactivity with and selectivity for thiols [9,29].
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Thiol oxidation products include, but are not limited to, intra- and inter-molecular disulfide bond
formation, protein-S-glutathionylation, protein-S-cysteinylation, sulfenic, sulfinic, or sulfonic acid
formation, S-nitrosylation, and sulfenylamide [9,30]. Thiol oxidation products have the potential to
function as cellular redox signaling proteins, with protein-S-glutathionylation emerging as an
important redox signaling paradigm [21].

Protein-S-glutathionylation can be experimentally measured either as global changes in
S-glutathionylation or as the S-glutathionylation of specific proteins. It is unclear if all reported
S-glutathionylated proteins actually play a role in redox signaling, especially those formed in
conditions of severe oxidative stress. John Mieyal established a set of criteria to determine if a specific
S-glutathionylation signaling event should be considered a “bona fide” redox signaling mechanism
(Table 1) [31]. First, S-glutathionylation should occur at a discrete site on a protein and change the
function of the modified protein. Meeting this first criterion provides evidence for the specificity and
the functional importance of the cysteine oxidation. Second, S-glutathionylation should occur under
physiological conditions, i.e., under physiological cellular GSH/GSSG ratios. Third, S-glutathionylation
should occur within intact cells in response to a physiological stimulus, and elicit a physiological
response, such as activation or inhibition of signaling pathways or cellular functions. Instead, many
studies have used chemical oxidants like diamide or exogenous H,O; at supraphysiological concentrations
to promote the formation of S-glutathionylated proteins within intact cells or on proteins in cell-free
systems. Both criteria #2 and #3 aim to identify physiologically relevant S-glutathionylated proteins
involved in cellular redox signaling. Fourth, S-glutathionylation of specific proteins needs to occur by
a defined mechanism for the rapid and efficient formation of S-glutathionylated proteins. The exact
mechanisms of protein-S-glutathionylation in cells are mostly unknown, and many studies still do not
address this issue. Potential mechanisms will be discussed below (Section 3). Fifth, S-glutathionylation
of specific proteins has to occur by a defined mechanism for the rapid and efficient reversal of the
S-glutathionylated reaction. Glutaredoxin (Grx) is the main cellular enzyme responsible for
protein-S-deglutathionylation reactions and will be discussed further below (Section 2, Table 1) [31].

Table 1. Criteria to establish protein-S-glutathionylation as a redox signaling mechanism.
Adapted from Mieyal, ef al., 2008 [31].

S-Glutathionylation occurs at a discrete site and changes the function of the modified protein.

2. S-Glutathionylation occurs under physiological conditions, i.e., relatively high GSH/GSSG ratio.
S-Glutathionylation occurs within intact cells in response to a physiological stimulus, and elicits a
physiological response.

There is a rapid and efficient mechanism for the formation of specific S-glutathionylated proteins.

There is a rapid and efficient mechanism for reversing the S-glutathionylation reaction.

Redox signaling events require a high degree of spatial and temporal precision to induce an accurate
response. For a thiol, redox signaling mechanism involving ROS to achieve this level of specificity and
selectivity, ROS would have to be in close proximity to the target protein. Furthermore, antioxidant
enzymes, such as peroxiredoxins, would have to be in close proximity in order to limit the diffusion of
ROS and to avoid overt damage and off-target effects [9]. For a redox signaling mechanism to meet
Mieyal’s criteria, ROS compartmentalization is necessary to ensure both the specific targeting of thiols
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and a rapid mechanism for formation of S-glutathionylated proteins. Many antioxidant systems, i.e.,
superoxide dismutase and catalase, have very high reactivity towards superoxide or H,O», respectively,
and will likely scavenge their substrates before they can react with protein thiols or other protein
residues [9,32]. One potential mechanism to achieve both sufficiently high ROS concentration and
target specificity would be to selectively recruit NADPH oxidases (Nox), professional ROS producers,
directly to redox-sensitive signaling centers within cells [33].

2. Nox in Thiol Redox Signaling

The Nox family of enzymes is a group of transmembrane proteins that transport electrons from
NAD(P)H across membranes to reduce oxygen to either superoxide or H>O, [34]. Nox are important
contributors of cellular ROS formation and redox signaling [34-36]. The seven family members,
Nox 1-5 and Duox 1-2, differ in their tissue distribution, cellular location, regulatory proteins, and
post-translational modifications [34]. All Nox proteins share conserved structural features, including a
C-terminal NADPH binding domain, a FAD binding domain, six transmembrane domains, and a heme
binding domain. Electrons are transferred from NADPH through flavin adenine dinucleotide (FAD)
and heme to oxygen. All Nox proteins are membrane proteins, but their intracellular locations vary
between cell type and Nox isoforms, indicating a specialized, targeted function for ROS production.
Nox2 is the prime example of this concept as it is located on the plasma membrane with superoxide
directionally produced into the extracellular space or phagolysosome, for pathogen killing [34].
Nox1 was found to localize in endosomes and, after hypoxia/reoxygenation injury, produces ROS
for the downstream activation of nuclear factor kappa-light-chain-enhancer of activated B cells
(NFxB) [33,37]. On the other hand, Nox4 is primarily located in intracellular membranes, such as
the endoplasmic reticulum (ER) [38] and the nuclear membrane [39], but also located within the
mitochondria [40] and the nucleus [16,41]. Nox4 produces primarily H,O, [35,36,42] and, in response
to physiological stimuli, appears to specifically oxidize selected cellular proteins [6,34,43]. In addition,
Nox proteins have been found to localize to focal adhesion complexes in response to integrin signaling
and to produce ROS that inactivate protein tyrosine phosphatases, altering downstream signaling
necessary for focal adhesion formation, and cell spreading [33,44]. Recently, recruitment of Nox4 to a
membrane scaffold was shown to be necessary for ROS production and activation of the kinase Src, in
response to insulin-like growth factor-1 (IGF-1) [45]. Nox proteins can be grouped based on their
mode of activation and subsequent ROS production. Nox 1, 2, and 3 require extensive regulatory and
adaptor proteins for their activity [34], while Nox4 may require only p22 for activity, although
additional activity modulating proteins have been identified. Nox5 and Duox1/2 are activated
by calcium [34]. Our lab discovered Nox4 in monocytes and macrophages and demonstrated that
Nox4 mediates oxidized low-density lipoprotein (oxLDL)-induced death of human-derived
macrophages through the activation of the extracellular-signal-regulated kinase (Erk) and MAPK/ERK
kinase 1 (MEKI1) pathway [46]. Additionally, Nox4-derived H,0O, production is increased in
metabolically-stressed monocytes and Nox4 mediates increased protein-S-glutathionylation, including
actin-S-glutathionylation, and accelerated chemotaxis induced by metabolic stress [6].
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3. Protein-S-Glutathionylation

Protein-S-glutathionylation is a reversible posttranslational modification characterized by the
formation of a mixed disulfide bond between protein cysteines and GSH. Originally, increased
protein-S-glutathionylation in response to cellular ROS production was thought to be a mechanism to
protect protein cysteines from irreversible oxidation leading to protein dysfunction or aggregation [23].
More recently, protein-S-glutathionylation was proposed to also function as a redox signaling
mechanism, as evidenced by its enzymatically reversible nature, its specificity for particular functional
cysteines, and its ability to modulate protein functions [7,23]. Most S-glutathionylated proteins,
however, have not been validated as bona fide redox signaling proteins based on Dr. Mieyal’s criteria
(Table 1). However, a growing number of S-glutathionylated proteins including, but not limited to,
actin, MAPK phosphates-1 (MKP-1), p21ras, Fas receptor, sarco/endoplasmic reticulum Ca’"-ATPase
(SERCA), and protein tyrosine phosphatase 1B (PTP1B), fulfill the majority of these criteria [47].

The mechanisms involved in protein-S-glutathionylation are not clear, but several putative
mechanisms have been proposed. We do know that proteins can be S-glutathionylated through various
intermediate oxidation products on protein thiols, including sulfenic acid, S-nitrosylation, thiosulfinate,
sulfonamide, and thiyl radicals [9,47]. With millimolar cellular concentrations of GSH in the cytosol,
most thiol oxidation products readily react with GSH to form S-glutathionylated proteins [47]. As a
physiological redox signaling mechanism, S-glutathionylation of proteins is unlikely to occur due to
changes in GSH/GSSG ratios because, in order to induce S-glutathionylation by a non-catalyzed
disulfide exchange mechanism, the ratio would need to decrease to levels that are not compatible with
cell or tissue viability [13,31,48]. There is now evidence for enzymatically catalyzed S-glutathionylation
involving Grx, glutathione S-transferase m, and flavoprotein sulthydryl oxidase. Enzymatically
catalyzed S-glutathionylation occurs predominantly in conditions of severe oxidative stress (elevated
GSSG levels, low GSH/GSSG ratios) and has not yet been demonstrated as a likely physiological
redox signaling mechanisms for protein-S-glutathionylation [31]. We have now demonstrated that, in
monocytes and macrophages, Nox4-derived H,O, is essential for S-glutathionylation of proteins
involved in monocyte adhesion, migration and recruitment [6,16,49], suggesting that Nox-mediated
oxidation of protein thiols and subsequent formation of protein-GSH mixed disulfides may be a
physiologically important mechanism for protein S-glutathionylation in cells. Grx is the main
deglutathionylating enzyme [50], but there is evidence that sulfiredoxin, which primarily reduces
sulfenic or sulfinic acids, and certain glutathione S-transferase isoforms, can also deglutathionylate
proteins [51]. To meet criteria #5 (Table 1), Grx-1 knockdown and overexpression systems in vitro and
in vivo have been used to validate the reversibility of the S-glutathionylation reaction of proteins.

Several techniques have been developed to detect S-glutathionylated proteins in cells and tissues
and distinguish S-glutathionylated proteins from other thiol modifications such as inter- and
intra-molecular disulfide bond formation, sulfenic acid, S-nitrosylation, sulfonamide, and other low
molecular weight disulfide partners [21,52]. Detection of S-glutathionylated proteins is a challenge
because this modification often occurs on low-abundant proteins and often only a fraction of the
protein is modified under physiological conditions [9,53]. Many studies therefore utilized
non-physiological stimuli, such as diamide, in order to detect measureable levels of S-glutathionylated
proteins [54-56]. Techniques to identify S-glutathionylated proteins fall into one of three categories:
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(1) detection of global changes in S-glutathionylated protein levels in cells or tissues; (2) detection of
S-glutathionylation on specific proteins and/or cysteines residues; and (3) detection and identification
of S-glutathionylated proteins using proteomics techniques.

3.1. Detection of Global Changes in S-Glutathionylated Protein Levels in Cells or Tissues

Changes in total protein-S-glutathionylation levels in response to oxidative stress can be measured
using a variety of techniques, including colorimetric derivation [57], chromatography [25], Western
blot [6,58], and immunohistochemistry [53,59]. Many of these techniques utilize general reductants,
such as dithiolthreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP), to release protein-bound
GSH that is then reacted with or coupled to a colorimetric or fluorescent probe [53,58] such as
5,5'-dithiobis-(2-nitrobenzoic acid) (DNTB), ortho-phthalaldehyde (OPA) [25] or phenylisothiocyanate [53].
Disadvantages of all these methods include the requirement of large amounts of protein. Colorimetric
derivation methods lack specificity as they can also detect other small molecule thiols like cysteine.
An antibody directed against GSH bound to proteins (anti-GSH) allows for the quantification of
protein-S-glutathionylation by Western blot and is the most common way to measure both total
S-glutathionylated proteins and to detect individual S-glutathionylated proteins [53]. The Western
blot technique is fairly simple, requires a minimal amount of protein (micrograms), and can be
used to detect global S-glutathionylation cell lysates and tissues. The specificity of the antibody for
individual S-glutathionylated proteins are unknown and the antibody’s affinity is likely to vary from
protein to protein [53], severely limiting the value of this approach for quantitative analyses.
The antibody also primarily detects changes in abundant proteins and therefore low abundant
S-glutathionylated proteins may not be detected in the total cellular lysate [60]. Although the antibody
can be used to detect S-glutathionylated proteins in tissues, a more specific technique was developed
by Reynaert et al. [59] This technique utilizes Grx as a reductant, which specifically reduces
S-glutathionylated proteins. Once specifically deglutathionylated, proteins are visualized with a
thiol-reactive label that is either conjugated with a fluorescent probe or a ligand that is detectable with
an antibody [61].

3.2. Detection of S-Glutathionylation on Specific Proteins and/or Cysteines Residues

To determine whether specific proteins are S-glutathionylated, immunoprecipitation techniques
are most commonly used. Briefly, a specific antibody against the protein of interest is used to
immunoprecipitate the protein, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then probed with the anti-GSH antibody to determine if the protein of interest is
S-glutathionylated [62]. Conversely, S-glutathionylated proteins can be immunoprecipitated using the
anti-GSH antibody, then probed for the protein of interest [49,62]. However, this low affinity antibody
tends to immunoprecipitate only highly abundant proteins. These immunoprecipitation techniques
allow for the quantification of individual S-glutathionylated proteins, but do not identify the specific
cysteine(s) modified with GSH. Alternatively, a number of techniques have been described that utilize
a membrane permeable biotinylated-GSH [63,64] (biotinylated GSH ethyl ester, BioGEE), or a
biotinylated-GSSG [65] to saturate cells with biotin-labeled GSH. The biotinylated GSH reacts with
reactive or oxidized cysteines, i.e., thiolate anion or sulfenic acids, allowing these labeled proteins to
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be isolated from cellular lysates with the use of streptavidin-coated beads or columns. Enrichment
techniques, or the isolation of S-glutathionylated proteins from total cellular proteins using biotin and
streptavidin, allow for the detection of low abundant modified proteins that might not otherwise be
detected amongst high abundant cellular proteins [21]. Limitations of these techniques include failure
to identify specific cysteine residues and artificial increases in the cellular GSSG concentrations
which can occur during cell labeling, calling into question the physiological relevance of proteins
identified via BioGEE and biotinylated-GSSG [58]. To validate if a particular cysteine residue is
S-glutathionylated, a common technique to assess protein functionality or detect changes in
S-glutathionylation by Western blot is to mutate the putative reactive cysteines residue(s) to serine
residue(s) [49]. Mutation studies can be time consuming depending on how many potential free
cysteine residues are present in the protein. Mass spectrometry is used to detect the glutathione
adduct(s) on purified or homogenous solutions of S-glutathionylated protein, as soft ionization
techniques like electrospray ionization (ESI) do not alter the glutathione and protein thiol disulfide
bond [53]. Often mass spectrometry is coupled with the aforementioned enrichment techniques to
enrich S-glutathionylated proteins from a heterogeneous mixture because low-abundance protein
modifications are difficult to detect by mass spectrometry (discussed in more detail in Section 3.3).

3.3. Detection and Identification of S-Glutathionylated Proteins Using Proteomic Techniques

One of the first proteomic studies used for the identification of S-glutathionylated proteins utilized
radioactive cysteine (L-[>°S]-cysteine) in order to label intracellular glutathione, then separated the
proteins by two-dimensional electrophoresis, and analyzed by mass spectrometry [54]. Although this
technique is sensitive, cysteine adducts are labeled and protein synthesis must be inhibited to prevent
incorporation of L-[*>S]-cysteine into cellular proteins [53]. S-glutathionylated proteins that contain
radioactive GSH can also be useful to identify S-glutathionylated proteins by Western blot, utilizing
radiography, or by mass spectrometry [53]. Global labeling techniques used to identify individual
S-glutathionylated proteins couple enrichment techniques with mass spectrometry [54,55,66]. A more
recent proteomics technique used to identify reactive cysteines in the redox proteome is referred to as
the biotin-switch technique. Briefly, unreacted thiols (free thiols) are alkylated with N-ethyl maleimide
(NEM) or iodoacetamide (IAM) to prevent further modification [21,55]. Oxidized protein thiols are
then reduced using a reductant for a specific thiol oxidative modification. For example, ascorbic acid is
used to reduce nitrosylated proteins, while Grx is used to enzymatically reduce S-glutathionylated
proteins [55]. Limitations of using Grx as a reductant include the cost of the enzyme, the requirement
for specific buffer conditions for optimal enzyme activity, the incompatibility of the enzyme with
denaturing detergents important in protein solublization, and the “contamination” of the sample with
Grx. The newly generated free thiols are then reacted with a labeled thiol-reactive probe. Biotinylated
and fluorescently labeled IAM, iodoacetic acid (IAA), or NEM have been used for this
technique [55,58,66]. For advantages and disadvantages of NEM or IAM see these
references [21,58,67—69]. Labeled proteins are separated through one- or two-dimensional gel
separation techniques and are then processed for identification by mass spectrometry. The most
common mass spectrometry techniques used to identify S-glutathionylated proteins in cell lysates or
tissues are matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) [54,55,65] and
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liquid chromatography-ESI-tandem mass spectrometry (LC-ESI-MS/MS) [63]. Of these techniques,
LC-ESI-MS/MS is the most useful for protein identification because it allows for identification of the
peptide sequence.

3.4. S-Glutationylatined Proteins That Are Established Redox Signaling Molecules

Few S-glutathionylated proteins have been established as bona fide redox signaling proteins. Ras
and PTP1B are two representative examples that have best fulfilled the signaling criteria outlined in
Table 1. These are discussed in more detail below.

Ras proteins are a family of small GTPases that modulate downstream signaling pathways important
in proliferation, differentiation, and migration, and are known oncogenes [70]. Ras was shown to be
S-glutathionylated in vitro using various reagents, including S-nitrosoglutathione (GSNO) [71], GSH
and H,0,, GSSG, and diamide [72—74]. Ras is specifically S-glutathionylated on residue C118 which
increases ras activity and upregulates downstream signaling pathways, fulfilling the requirement for
criteria #1 and #3 [64,75—77]. For example, ras-S-glutathionylation on C118 was detected in vascular
smooth muscle cells in response to angiotensin II (Angll)-induced hypertropic signaling [75]. In
addition, peroxynitrite (ONOO ) or oxLDL treatment in bovine aortic endothelial cells (BAECs)
resulted in p21ras S-glutathionylation, increasing ras activity and subsequent downstream activation of
Mek/Erk and phosphatidylinositide-3 kinase (PI3K) and protein kinase B (Akt) signaling [64].
Overexpression of a C118S mutant in BAECs abrogated this response [64]. Also in BAECs, oxLDL
treatment increased p21ras S-glutathionylation, thereby reducing insulin-induced Akt phosphorylation,
which was restored with the C118S mutant [76]. Mechanical strain on cardiac myocytes increased
ras-S-glutathionylation on C118 and thereby activation of the rapidly accelerated fibrosacroma
(Raf)/Mek/Erk pathway [77].

Many of the ras-S-glutathionylation studies used Grx-1 overexpression to demonstrate the
reversibility of the modification, meeting criteria #5. Using catalase overexpression or an unspecific
Nox inhibitor (diphenyleneidonium chloride, DPI), H,O, production was found to be necessary for
ras-S-glutathionylation, although the specific Nox isoform involved was not identified [75]. These
studies provide evidence for the functional importance of ras-S-glutathionylation for activation
of downstream signaling pathways in response to various sources of oxidative stress and
mechanical strain.

Protein tyrosine phosphatase 1B (PTP1B) belongs to the larger family of cysteine-based phosphatases
(CBP) that contains a nucleophilic and catalytic cysteine that is susceptible to oxidation. [78]. PTP1B
is one of the best-studied redox regulated proteins. In response to receptor-mediated growth factor
stimulation, Nox-derived H,O»-induces sulfenic acid formation and S-glutathionylation of its catalytic
cysteine [78]. PTP1B is the prototypical example of an S-glutathionylated protein that meets most of
the criteria listed in Table 1 [79-83].

4. Protein-S-Glutathionylation in Monocyte and Macrophage Dysfunction

The contributions of redox-sensitive mechanisms that regulate monocyte and macrophage function
and their importance in the development of atherosclerosis is not well established. Recent evidence
suggests that alterations in the intracellular redox environment of monocytes and macrophages not
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only change their phenotype and functionalities, but also directly affect the development and
progression of atherosclerotic lesions. For example, overexpression in mouse macrophages of
glutathione reductase (GR), the enzyme responsible for reducing GSSG to GSH, decreases
atherosclerosis lesion formation in low-density lipoprotein receptor deficient mice (LDLR™") mice [84].
Alternatively, overexpressing in mouse macrophages the catalytic domain of glutamate-cysteine ligase
(GCL), the rate-limiting enzyme in GSH synthesis, increases total macrophage GSH levels and also
reduces atherosclerotic plaque size in apolipoprotein E deficient (APOE™") mice [85]. Conversely,
GCL deficiency in macrophages promotes atherosclerosis; bone marrow transplantation of
GCL-deficient bone marrow into APOE™™ mice increased lesion area by 60% [85]. Pharmacological
approaches that modulate GSH levels showed very similar results. Peritoneal macrophages isolated
from APOE™ mice fed a diet supplement with L-2-oxo-4-thiazolidin carboylate (OTC), a cysteine
precursor, show a significant increase in GSH levels and a reduction in both their lipid peroxide
content and their ability to oxidize LDL [86]. OTC-fed mice also showed reduced atherosclerotic
lesion formation. In contrast, peritoneal macrophages isolated from APOE”™ mice fed a diet
supplemented with buthionine sulfoximine (BSO), an inhibitor of GSH synthesis, showed depleted
GSH levels, resulting in increased lipid peroxide content and increased LDL oxidation [86].
Atherosclerotic lesion size was significantly increased in these BSO-fed mice. These studies highlight
the importance of maintaining the macrophage thiol redox environment, by providing both a sufficient
pool of GSH and maintaining a high GSH/GSSG ratio, in order to prevent atherosclerosis.

The thiol redox status of peritoneal macrophages in diabetic LDLR™™ mice correlates with
macrophage chemotactic activity in vivo, macrophage recruitment into atherosclerotic lesions
and the severity of atherosclerosis in these mice [27]. The same study also showed that,
protein-S-glutathionylation occurs within aortic lesions in particular macrophages in these
atherosclerotic lesions, indicating that hyperglycemia and hyperlipidemia induce thiol oxidative stress
in macrophages within atherosclerotic lesions [27]. Collectively, these findings support the hypothesis
that metabolic disorders promote thiol oxidative stress in monocytes and macrophages, and that the
disruptions of the thiol redox status which lead to monocytes and macrophage dysfunction, appear, at
least in part, to be mediated by protein-S-glutathionylation.

Monocytes and macrophages play important roles in the initiation and progression of many chronic
inflammatory diseases associated with oxidative stress, and protein-S-glutathionylation may represent
a key mechanistic link between oxidative stress and inflammation. Protein S-glutathionylation has been
reported in alveolar macrophages (AMs), primary human blood monocytes, human monocyte-derived
macrophages, THP-1 human monocytic cell-line, mouse peritoneal macrophages (PMs), and mouse
macrophage cell-lines, but only few S-glutathionylated proteins have been validated as actual redox
signaling proteins. Many of the studies addressing protein-S-glutathionylation in monocytes and
macrophages measured changes in global S-glutathionylation. For example, lipopolysaccharide
(LPS)-induced-stress increases protein-S-glutathionylation in AMs and promotes an inflammatory
response by AMs, which was exacerbated with Grx-1 deficiency [87]. Treatment of human
monocyte-derived macrophages with the chemotherapeutic adriamycin dose-dependently increases
global protein-S-glutathionylation, which correlates with macrophage viability [88]. Additionally,
adriamycin-treated mouse PMs show increased protein-S-glutathionylation, which correlates
with increased ROS formation and decreased macrophage recruitment [88]. Increases in



Int. J. Mol. Sci. 2013, 14 15222

protein-S-glutathionylation in oxLDL-treated mouse PMs were associated with increased oxidative
stress, as measured by a decrease in the GSH/GSSG ratio, and increased cell death [89]. These studies
highlight the importance of protein-S-glutathionylation for monocyte and macrophage function, but
only few studies have actually identified specific S-glutathionylated proteins in monocytes and
macrophages (Table 2). Based on Dr. Mieyal’s criteria, many of these proteins do not meet all the
characteristics required to be considered a redox signaling protein, many only meeting criteria #1, #2,
and #3 (Table 2). Three newly validated proteins, actin, MKP-1, and 14-3-3, meet all the criteria in
Table 1. We recently identify Nox4 as the source of ROS responsible for the S-glutathionylation of
these important signaling molecules in monocytes and macrophages.

Actin and MAPK kinase phosphatase-1 (MKP-1), two key proteins involved in monocyte motility,
are S-glutathionylated. In response to metabolic and oxidative stress, S-glutathionylation of these
proteins is increased in THP-1 monocytes, a human monocytic cell-line. Both actin- and
MKP-1-S-glutathionylation enhance the responsiveness of THP-1 cells to chemoattractants, and
accelerate monocyte migration and adhesion, characteristic features of metabolically stressed or
“primed” monocytes, a proinflammatory monocyte phenotype associated with metabolic diseases [6,49].

The actin cytoskeleton, through a series of coordinated polymerization and depolymerization events,
mediates chemokine-directed cell adhesion and migration necessary for cellular motility [90,91]. Over
100 actin-associated proteins coordinate the dynamic process of cell migration [92]. Recent evidence
suggests that, in addition to phosphorylation and dephosphorylation events, actin turnover is
redox regulated through protein-S-glutathionylation at cysteine 374 [7,93-96]. Interestingly, actin is
S-glutathionylated even under resting cell conditions in both fibroblasts [94,95] and THP-1
monocytes [6]. In response to epidermal growth factor (EGF) stimulation of fibroblasts, actin is
deglutathionylated, increasing actin polymerization and localizing actin filaments (F-actin) to the cell
periphery [97].

Our group recently showed that metabolic stress promotes the acceleration of THP-1 monocyte
migration in response to chemokines, and that this process we termed “metabolic priming” requires the
induction of Nox4. Using both siRNA knockdown and overexpression approaches, Nox4 expression
mediates this hyper-reactivity to chemokines at least in part by increasing actin-S-glutathionylation.
The ratio of filamentous (F) to globular (G) actin is used as an indicator of actin polymerization and
actin turnover [98]. Metabolic stress also reduces the F-actin to G-actin ratio in unstimulated THP-1
monocytes and further enhances the monocyte chemoattractant protein-1 (MCP-1)-stimulated
decreases in the F-actin to G-actin ratio in these cells, further supporting the notion that
actin-S-glutathionylation accelerates actin turnover. These data suggest that by increaseing actin
dynamics, metabolic stress enables monocyte to more effectively respond to cues from inflamed
issues. However, the physiologic significance of this shift to a more proinflammatory monocyte
phenotype is not yet clear. Nox4 colocalizes with actin in human monocyte-derived macrophages,
providing a mechanism for the specific oxidation of actin thiols by Nox4 [6,16]. In addition,
overexpression of Grx-1 significantly reduces metabolic stress-induced actin-S-glutathionylation and
accelerated migration, indicating the functional relevance and reversibility of actin-S-glutathionylation.
Our study identified Nox4-derived H,O; as the oxidant mediating actin-S-glutathionylation, providing
a molecular mechanism for this important oxidative modification that regulates actin dynamics and cell
motility (Figure 1) [6].
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Table 2. Summary of S-Glutathionylated Proteins in Monocytes and Macrophage.
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Cell type

Target

Stimulus

Functional importance

Criteria fulfilled

Reference

Rat alveolar macrophage
cell-line (NR8383)

Phosphatase and tensin

homologue deleted from

chromosome 10 (PTEN)

Extracellular adenosine triphosphate

(ATP)-induced inflammation

Correlated with activation of PI3K,
Akt, ERK1/2, caspase-1 and
upregulation of GSH synthesis genes

1,2,3

Cruz, et al. [99]

Rat alveolar macrophage
cell-line (NR8383)

Protein tyrosine phosphatase

1B (PTPIB)

Extracellular adenosine
diphosphate (ADP)-stimulation of
the respiratory burst

Unknown

1,2,3

Rinna, et al. [82]

Primary human monocytes

Na-H exchanger isoform 1

(NHEI)

Leptin

Activation of NHE1 which increased

intracellular pH

1,2,3

Konstantinidis,
et al. [100]

Primary Mouse peritoneal
macrophages (Superoxide

Dismutase null)

Caspase-1

ATP, nigericin, or

S. aurease supernantant

Decreased caspase-1 activity and

decreased IL-1f release

1,2,3

Meissner,
etal [101]

Mouse macrophage
cell-line (J774A.1)

Paraoxonase 1 (PON1)

GSSG

Decreased high-density lipoprotein
(HDL)-mediated cholesterol efflux

1,3

Rozenberg,
etal. [102]

Human monocytic
cell-line (THP-1)

Actin

High glucose (20 mM) and native LDL
(100 pg/mL)

Increased actin turnover and accelerated

monocyte migration

1,2,3,4,5

Ullevig, et al. [6]

Human monocytic
cell-line (THP-1)

MKP-1

High glucose (20 mM) and native LDL
(100 pg/mL)

Hyperactivation of p38 pathway,

increased monocyte migration

1,2,3,4,5

Kim, et al. [49]
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Figure 1. Proposed Mechanism of Nox4 mediated S-Glutathionylation in THP-1
Monocytes. Nox4-induced hydrogen peroxide (H,O,) oxidizes a protein thiol (P-SH) to a
putative sulfenic acid intermediate (P-SOH). With the addition of glutathione (GSH), the
thiol is further oxidized to form an S-glutathionylated protein. Glutaredoxin (Grx)
enzymatically reduces the S-glutathionylated protein to release oxidized glutathione
(GSSG) and the reduced protein thiol (P-SH) [6,31,47].

Nox4
M
2 2
P-SH [P-SOH]
GSH
gssG o
P-SSG

MAPK phosphatases (MKPs), also known as dual-specific phosphatases, have the same catalytic
cysteine residue as PTP1B, a well-known site of S-glutathionylation and PTP1B inactivation [80].
MKPs counter-regulate and inactivate both ERK and p38, the two principal MAPK pathways
mediating MCP-1-induced monocyte adhesion and migration [103,104]. In THP-1 monocytes and
primary human blood monocytes, Nox4-derived H,O, promotes S-glutathionylation of MKP-1, inhibits
phosphatase activity, and targets the protein for proteasomal degradation. MKP-1 deficiency in monocytes
results in the hyperactivation of MAPK pathways and acceleration of monocyte chemotaxis in response to
MCP-1. Furthermore, blood monocytes isolated from diabetic mice showed a 55% reduction of MKP-1
activity compared to non-diabetic mice. Hematopoietic MKP-1-deficiency in atherosclerosis-prone
mice mimicked monocyte priming and dysfunction associated with metabolic disorders, increased
monocyte chemotaxis in vivo, and accelerated atherosclerotic lesion formation [49].

Cofilin, an actin binding protein that promotes actin depolymerization, undergoes phosphorylation
and dephosphorylation in response to various extracellular stimuli that also trigger changes in the actin
cytoskeleton [105,106]. The slingshot (SSH) family of protein phosphatases has been shown to
specifically dephosphorylate and reactivate cofilin by dephosphorylating Ser-3 on cofilin [107,108].
SSHIL is activated by releasing the phosphatase from a regulatory complex with 14-3-3zeta [109].
Recently, we found that metabolic stress promotes the S-glutathionylation of 14-3-3zeta,
targeting 14-3-3zeta for caspase-dependent degradation [110]. 14-3-3zeta S-glutathionylation did not
affect binding of 14-3-3zeta to SSHI1L, suggesting that degradation and overall loss of total 14-3-3zeta
increases the pool of free, unbound SSHIL phosphatase, thereby preventing the phosphorylation and
inactivation of cofilin in response to chemokine activation. Increases in free, active SSHIL
phosphatase in monocytes resulted in cofilin phosphorylation and activation, and accelerated monocyte
chemotaxis in response to MCP-1 [110].

5. Conclusions

Redox signaling is evolving as an important signaling paradigm contributing to the regulation of
cellular functions. Evidence is emerging that many cysteine-containing proteins are redox regulated,
but to date very few have been validated as bona fide redox signaling proteins. While some of these
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proteins meet a several of the criteria set out by Mieyal and coworkers that would allow them to be
classified as redox-regulated molecules, most S-glutathionylated proteins do not meet all criteria,
primarily because no intracellular mechanism has yet been identified that would account for the rapid
and effective formation of this oxidative modification. Future studies should focus on verifying all the
criteria required before classifying individual S-glutathionylated proteins as true redox signaling
proteins. Research on protein-S-glutathionylation, particularly in monocytes and macrophages, is still
in its infancy and future studies on redox sensitive mechanisms are likely to provide important new
insight into the (dys)regulation of monocyte and macrophage function, particularly the molecular
details that link oxidative stress associated with metabolic disorders to chronic inflammatory diseases.
In summary, protein-S-glutathionylation is a thiol oxidative modification important in redox signaling
and provides an important new mechanistic link between oxidative stress and inflammation.

Acknowledgments

We would like to acknowledge Leigh Ann Piefer and Huynh Nga Nguyen for their careful review
of this manuscript.

Conflict of Interest
The authors declare no conflict of interest.
References

1. Ingersoll, M.A.; Platt, A.M.; Potteaux, S.; Randolph, G.J. Monocyte trafficking in acute and
chronic inflammation. Trends Immunol. 2011, 32, 470-477.

2. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol.
2011, 71, 762-774.

3.  Libby, P. Inflammation in atherosclerosis. Nature 2002, 420, 868—874.

Hackam, D.G.; Anand, S.S. Emerging risk factors for atherosclerotic vascular disease: A critical
review of the evidence. JAMA J. Am. Med. Assoc. 2003, 290, 932-940.

5. Lamb, R.E.; Goldstein, B.J. Modulating an oxidative-inflammatory cascade: Potential new
treatment strategy for improving glucose metabolism, insulin resistance, and vascular function.
Int. J. Clin. Pract. 2008, 62, 1087—1095.

6. Ullevig, S.; Zhao, Q.; Lee, C.F.; Seok Kim, H.; Zamora, D.; Asmis, R. Nadph oxidase 4 mediates
monocyte priming and accelerated chemotaxis induced by metabolic stress. Arterioscler. Thromb.
Vasc. Biol. 2012, 32, 415-426.

7. Shelton, M.D.; Chock, P.B.; Mieyal, J.J. Glutaredoxin: Role in reversible protein S-glutathionylation
and regulation of redox signal transduction and protein translocation. Antioxid. Redox Signal.
2005, 7, 348-366.

8. Elahi, M.M.; Kong, Y.X.; Matata, B.M. Oxidative stress as a mediator of cardiovascular disease.
Oxid. Med. Cell Longev. 2009, 2, 259-269.

9.  Winterbourn, C.C.; Hampton, M.B. Thiol chemistry and specificity in redox signaling.
Free Radic. Biol. Med. 2008, 45, 549-561.



Int. J. Mol. Sci. 2013, 14 15226

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kellogg, E.-W.; Fridovich, I. Liposome oxidation and erythrocyte lysis by enzymically generated
superoxide and hydrogen peroxide. J. Biol. Chem. 1977, 252, 6721-6728.

Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001,
414, 813-820.

Thum, T.; Fraccarollo, D.; Schultheiss, M.; Froese, S.; Galuppo, P.; Widder, J.D.; Tsikas, D.;
Ertl, G.; Bauersachs, J. Endothelial nitric oxide synthase uncoupling impairs endothelial
progenitor cell mobilization and function in diabetes. Diabetes 2007, 56, 666—674.

Dalle-Donne, I.; Rossi, R.; Giustarini, D.; Colombo, R.; Milzani, A. S-glutathionylation in
protein redox regulation. Free Radic. Biol. Med. 2007, 43, 883—898.

Finkel, T. Signal transduction by reactive oxygen species. J. Cell Biol. 2011, 194, 7-15.
Thannickal, V.J.; Fanburg, B.L. Reactive oxygen species in cell signaling. Am. J. Physiol —Lung
Cell. Mol. Physiol. 2000, 279, L1005-L1028.

Lee, C.F.; Ullevig, S.L.; Kim, H.S.; Asmis, R. Regulation of moncoyte adhesion and migration
by nox4. PLoS One 2013, 8, €66964.

Dalle-Donne, I.; Aldini, G.; Carini, M.; Colombo, R.; Rossi, R.; Milzani, A. Protein carbonylation,
cellular dysfunction, and disease progression. J. Cell. Mol. Med. 2006, 10, 389—406.

Chung, H.S.; Wang, S.-B.; Venkatraman, V.; Murray, C.I.; Van Eyk, J.E. Cysteine oxidative
posttranslational modifications: Emerging regulation in the cardiovascular system. Circ. Res.
2013, 712, 382-392.

Davies, M.J. The oxidative environment and protein damage. Biochimica et Biophysica Acta
(BBA)—Proteins Proteom. 2005, 1703, 93—109.

Forman, H.J.; Maiorino, M.; Ursini, F. Signaling functions of reactive oxygen species.
Biochemistry 2010, 49, 835-842.

Lindahl, M.; Mata-Cabana, A.; Kieselbach, T. The disulfide proteome and other reactive cysteine
proteomes: Analysis and functional significance. Antioxid. Redox Signal. 2011, 14, 2581-2641.
Fomenko, D.E.; Marino, S.M.; Gladyshev, V.N. Functional diversity of cysteine residues in
proteins and unique features of catalytic redox-active cysteines in thiol oxidoreductases.
Mol. Cells 2008, 26, 228-235.

Schafer, F.Q.; Buetiner, G.R. Redox environment of the cell as viewed through the redox state of
the glutathione disulfide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191-1212.

Jones, D.P. Redox Potential of gsh/gssg Couple: Assay and Biological Significance. In Methods
in Enzymology; Helmut, S., Lester, P., Eds.; Academic Press: San Diego, CA, USA, 2002;
Volume 348, pp. 93—-112.

Asmis, R.; Yanmei, W.; Li, X.; Marta, K.; Jim, G.B.; John, J.M. A novel thiol oxidation-based
mechanism for adriamycin-induced cell injury in human macrophages. FASEB J. 2005, 19,
1866—1868.

Tavakoli, S.; Asmis, R. Reactive oxygen species and thiol redox signaling in the macrophage
biology of atherosclerosis. Antioxid. Redox Signal. 2012, 17, 1785-1795.

Qiao, M.; Zhao, Q.; Lee, C.F.; Tannock, L.R.; Smart, E.J.; LeBaron, R.G.; Phelix, C.F.;
Rangel, Y.; Asmis, R. Thiol oxidative stress induced by metabolic disorders amplifies
macrophage chemotactic responses and accelerates atherogenesis and kidney injury in 1dl
receptor-deficient mice. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1779—1786.



Int. J. Mol. Sci. 2013, 14 15227

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shelton, M.D.; Mieyal, J.J. Regulation by reversible S-glutathionylation: Molecular targets
implicated in inflammatory diseases. Mol. Cells 2008, 25, 332-346.

Stone, J.; Yang, S. Hydrogen peroxide: A signaling messenger. Antioxid. Redox Signal. 2006, 8,
243-270.

Jones, D.P. Radical-free biology of oxidative stress. Am. J. Physiol-Cell Physiol. 2008, 295,
C849-C868.

Mieyal, J.; Gallogly, M.; Qanungo, S.; Sabens, E.; Shelton, M. Molecular mechanisms and
clinical implications of reversible protein S-glutathionylation. Antioxid. Redox Signal. 2008, 10,
1941-1988.

Winterbourn, C.C.; Metodiewa, D. Reactivity of biologically important thiol compounds with
superoxide and hydrogen peroxide. Free Radic. Biol. Med. 1999, 27, 322-328.

Ushio-Fukai, M. Compartmentalization of redox signaling through nadph oxidase-derived ros.
Antioxid. Redox Signal. 2009, 11, 1289-1299.

Bedard, K.; Krause, K.-H. The nox family of ros-generating nadph oxidases: Physiology and
pathophysiology. Physiol. Rev. 2007, 87, 245-313.

Helmcke, I.; Heumiiller, S.; Tikkanen, R.; Schroder, K.; Brandes, R.P. Identification of structural
elements in nox1 and nox4 controlling localization and activity. Antioxid. Redox Signal. 2009,
11,1279-1287.

Dikalov, S.I.; Dikalova, A.E.; Bikineyeva, A.T.; Schmidt, H.H.; Harrison, D.G.;
Griendling, K.K. Distinct roles of noxl and nox4 in basal and angiotensin ii-stimulated
superoxide and hydrogen peroxide production. Free Radic. Biol. Med. 2008, 45, 1340—1351.

Li, Q.; Zhang, Y.; Marden, J.J.; Banfi, B.; Engelhardt, J.F. Endosomal nadph oxidase regulates
c-src activation following hypoxia/reoxygenation injury. Biochem. J. 2008, 411, 531-541.
Ambasta, R.K.; Kumar, P.; Griendling, K.K.; Schmidt, H.H.H.W.; Busse, R.; Brandes, R.P.
Direct interaction of the novel nox proteins with p22phox is required for the formation of a
functionally active nadph oxidase. J. Biol. Chem. 2004, 279, 45935-45941.

Kuroda, J.; Ago, T.; Matsushima, S.; Zhai, P.; Schneider, M.D.; Sadoshima, J. Nadph oxidase 4
(nox4) is a major source of oxidative stress in the failing heart. Proc. Natl. Acad. Sci. 2010, 107,
15565-15570.

Block, K.; Gorin, Y.; Abboud, H.E. Subcellular localization of nox4 and regulation in diabetes.
Proc. Natl. Acad. Sci. 2009, 106, 14385—-14390.

Kuroda, J.; Nakagawa, K.; Yamasaki, T.; Nakamura, K.-I.; Takeya, R.; Kuribayashi, F.;
Imajoh-Ohmi, S.; Igarashi, K.; Shibata, Y.; Sueishi, K.; ef al. The superoxide-producing nad(p)h
oxidase nox4 in the nucleus of human vascular endothelial cells. Genes Cells 2005, 10,
1139-1151.

Takac, I.; Schroder, K.; Zhang, L.; Lardy, B.; Anilkumar, N.; Lambeth, J.D.; Shah, A.M.;
Morel, F.; Brandes, R.P. The e-loop is involved in hydrogen peroxide formation by the nadph
oxidase nox4. J. Biol. Chem. 2011, 286, 13304—13313.

Mahadev, K.; Motoshima, H.; Wu, X.; Ruddy, J.M.; Armold, R.S.; Cheng, G.; Lambeth, J.D.;
Goldstein, B.J. The nad(p)h oxidase homolog nox4 modulates insulin-stimulated generation
of h202 and plays an integral role in insulin signal transduction. Mol. Cell. Biol. 2004, 24,
1844-1854.



Int. J. Mol. Sci. 2013, 14 15228

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chiarugi, P.; Pani, G.; Giannoni, E.; Taddei, L.; Colavitti, R.; Raugei, G.; Symons, M.;
Borrello, S.; Galeotti, T.; Ramponi, G. Reactive oxygen species as essential mediators of cell
adhesion: The oxidative inhibition of a fak tyrosine phosphatase is required for cell adhesion.
J. Cell Biol. 2003, 161, 933-944.

Xi, G.; Shen, X.-C.; Wai, C.; Clemmons, D.R. Recruitment of nox4 to a plasma membrane
scaffold is required for localized ros generation and sustained src activation in response to igf-i.
J. Biol. Chem. 2013, 288, 15641-15653.

Lee, C.F.; Qiao, M.; Schroder, K.; Zhao, Q.; Asmis, R. Nox4 is a novel inducible source of
reactive oxygen species in monocytes and macrophages and mediates oxidized low density
lipoprotein-induced macrophage death. Circ. Res. 2010, 106, 1489-1497.

Gallogly, M.; Mieyal, J. Mechanisms of reversible protein glutathionylation in redox signaling
and oxidative stress. Curr. Opin. Pharmacol. 2007, 7, 381-391.

Klatt, P.; Lamas, S. Regulation of protein function by S-glutathiolation in response to oxidative
and nitrosative stress. Eur. J. Biochem. 2000, 267, 4928-4944.

Kim, H.S.; Ullevig, S.L.; Zamora, D.; Lee, C.F.; Asmis, R. Redox regulation of mapk
phosphatase 1 controls monocyte migration and macrophage recruitment. Proc. Natl. Acad. Sci.
2012, 109, E2803—-E2812.

Gravina, S.A.; Mieyal, J.J. Thioltransferase is a specific glutathionyl mixed-disulfide
oxidoreductase. Biochemistry 1993, 32, 3368-3376.

Findlay, V.J.; Townsend, D.M.; Morris, T.E.; Fraser, J.P.; He, L.; Tew, K.D. A novel role for
human sulfiredoxin in the reversal of glutathionylation. Cancer Res. 2006, 66, 6800—6806.
Leonard, S.E.; Carroll, K.S. Chemical “omics” approaches for understanding protein cysteine
oxidation in biology. Curr. Opin. Chem. Biol. 2011, 15, 88—102.

Hill, B.G.; Ramana, K.V.; Cai, J.; Bhatnagar, A.; Srivastava, S.K. Measurement and
identification of S-glutathiolated proteins. Methods Enzymol. 2010, 473, 179-197.

Fratelli, M.; Demol, H.; Puype, M.; Casagrande, S.; Eberini, I.; Salmona, M.; Bonetto, V.;
Mengozzi, M.; Duffieux, F.; Miclet, E.; et al. Identification by redox proteomics of
glutathionylated proteins in oxidatively stressed human t lymphocytes. Proc. Natl. Acad. Sci. USA
2002, 99, 3505-3510.

Lind, C.; Gerdes, R.; Hamnell, Y.; Schuppe-Koistinen, I.; Brockenhuus von Lowenhielm, H.;
Homgren, A.; Cotgreave, [.A. Identification of S-glutathionylated cellular proteins during
oxidative stress and constitutive metabolism by affinity purification and proteomic analysis.
Arch. Biochem. Biophys. 2002, 406, 229-240.

Baty, J.W.; Hampton, M.B.; Winterbourn, C.C. Detection of oxidant sensitive thiol proteins by
fluorescence labeling and two-dimensional electrophoresis. Proteomics 2002, 2, 1261-1266.
Harding, J.J. Free and protein-bound glutathione in normal and cataractous human lenses.
Biochem. J. 1970, 117, 957-960.

Ying, J.; Clavreul, N.; Sethuraman, M.; Adachi, T.; Cohen, R.A. Thiol oxidation in signaling and
response to stress: Detection and quantification of physiological and pathophysiological thiol
modifications. Free Radic. Biol. Med. 2007, 43, 1099—-1108.



Int. J. Mol. Sci. 2013, 14 15229

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

Reynaert, N.L.; Ckless, K.; Guala, A.S.; Wouters, E.F.M.; van der Vleit, A,
Janssen-Heininger, Y.M.W. [In situ detection of S-glutathionylated proteins following
glutaredoxin-1 catalyzed cysteine derivatization. Biochim. Biophys. Acta 2006, 1760, 380-387.
Xiong, Y.; Uys, J.D.; Tew, K.D.; Townsend, D.M. S-glutathionylation: From molecular
mechanism to health outcomes. Antioxid. Redox Signal. 2011, 15, 233-270.

Aesif, S.W.; Janssen-Heininger, Y.M.W.; Reynaert, N.L. Chapter 17—Protocols for the Detection
of S-Glutathionylated and S-Nitrosylated Proteins in situ. In Methods in Enzymology;
Enrique, C., Lester, P., Eds.; Academic Press: San Diego, CA, USA, 2010; Volume 474,
pp. 289-296.

Anathy, V.; Aesif, S.W.; Guala, A.S.; Havermans, M.; Reynaert, N.L.; Ho, Y.-S.; Budd, R.C.;
Janssen-Heininger, Y.M.W. Redox amplification of apoptosis by caspase-dependent cleavage of
glutaredoxin 1 and S-glutathionylation of fas. J. Cell Biol. 2009, 184, 241-252.

Sullivan, D.M.W.N.; Fergusson, M.M.; Levine, R.L.; Finkel, T, Identification of oxidant-sensitive
proteins: Tnp-alpha induces protein glutathiolation. Biochemistry 2000, 39, 11121-11128.
Clavreul, N.; Adachi, T.; Pimental, D.R.; Ido, Y.; Schoneich, C.; Cohen, R.A. S-glutathiolation
by peroxynitrite of p2lras at cysteine-118 mediates its direct activation and downstream
signaling in endothelial cells. FASEB J. 2006, doi:10.1096/1].05-4875fje.

Brennan, J.P.; Miller, J.I.A.; Filler, W.; Wait, R.; Begum, S.; Dunn, M.J.; Eaton, P. The utility of
N,N-biotinyl glutathione disulfide in the study of protein S-glutathiolation. Mol. Cell Proteomics
2006, 5, 215-225.

Clavreul, N.D.C.; Huang, H.; Sethuraman, M.; McComb, M.; Costello, C.E.; Cohen, R.A.
Detection and identification of S-glutathiolated proteins in endothelial cells exposed to oxidants
by a biotin-labeling liquid chromatography and ms method. J. Am. Soc. Mass Spectrom. 2006,
17,1218.

Rogers, L.; Leinweber, B.L.; Smith, C.V. Detection of reversible protein thiol modifcations in
tissues. Anal. Biochem. 2006, 358, 171-184.

Pretzer, E.; Wiktorowicz, J.E. Saturation fluorescence labeling of proteins for proteomic
analyses. Anal. Biochem. 2008, 374, 250-262.

Tyagarajan, K.; Pretzer, E.; Wiktorowicz, J.E. Thiol-reactive dyes for fluorescence labeling of
proteomic samples. Electrophoresis 2003, 24, 2348-2358.

Takai, Y.; Sasaki, T.; Matozaki, T. Small gtp-binding proteins. Physiol. Rev. 2001, 81, 153-208.
Ji, Y.; Akerboom, T.P.M.; Sies, H.; Thomas, J.A. S-nitrosylation and S-glutathiolation of protein
sulthydryls bys-nitroso glutathione. Arch. Biochem. Biophys. 1999, 362, 67-78.

Mallis, R.J.; Buss, J.E.; Thomas, J.A. Oxidative modification of h-ras: S-thiolation and
snitrosylation of reactive cysteines. Biochem J. 2001, 355, 145-153.

Sethuraman, M.; Clavreul, N.; Huang, H.; McComb, M.E.; Costello, C.E.; Cohen, R.A.
Quantification of oxidative posttranslational modifications of cysteine thiols of p21ras associated
with redox modulation of activity using isotope-coded affinity tags and mass spectrometry.
Free Radic. Biol. Med. 2007, 42, 823-829.

Hobbs, G.A.; Bonini, M.G.; Gunawardena, H.P.; Chen, X.; Campbell, S.L. Glutathiolated ras:
Characterization and implications for ras activation. Free Radic. Biol. Med. 2013, 57, 221-229.



Int. J. Mol. Sci. 2013, 14 15230

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

86.

87.

Adachi, T.; Pimentel, D.R.; Heibeck, T.; Hou, X.; Lee, Y.J.; Jiang, B.; Ido, Y.; Cohen, R.A.
S-glutathiolation of ras mediates redox-sensitive signaling by angiotensin ii in vascular smooth
muscle cells. J. Biol. Chem. 2004, 279, 29857-29862.

Clavreul, N.; Bachschmid, M.M.; Hou, X.; Shi, C.; Idrizovic, A.; Ido, Y.; Pimentel, D.;
Cohen, R.A. S-glutathiolation of p2lras by peroxynitrite mediates endothelial insulin
resistance caused by oxidized low-density lipoprotein. Arterioscler. Thromb. Vasc. Biol. 2006,
26, 2454-2461.

Pimentel, D.R.; Adachi, T.; Ido, Y.; Heibeck, T.; Jiang, B.; Lee, Y.; Melendez, J.A.;
Cohen, R.A.; Colucci, W.S. Strain-stimulated hypertrophy in cardiac myocytes is mediated
by reactive oxygen species-dependent ras S-glutathiolation. J. Mol. Cell. Cardiol. 2006, 41,
613-622.

Salmeen, A.; Barford, D. Functions and mechanisms of redox regulation of cysteine-based
phosphatases. Antioxid. Redox Signal. 2005, 7, 560-577.

Mueller, A.S.; Bosse, A.C.; Most, E.; Klomann, S.D.; Schneider, S.; Pallauf, J. Regulation of the
insulin antagonistic protein tyrosine phosphatase 1b by dietary se studied in growing rats.
J. Nutr. Biochem. 2009, 20, 235-247.

Barrett, W.C.; DeGnore, J.P.; Konig, S.; Fales, HM.; Keng, Y.-F.; Zhang, Z.-Y.; Yim, M.B.;
Chock, P.B. Regulation of ptplb via glutathionylation of the active site cysteine 215.
Biochemistry 1999, 38, 6699—-6705.

Townsend, D.M. S-glutathionylation: Indicator of cell stress and regulator of the unfolded protein
response. Mol. Interv. 2007, 7, 313-324.

Rinna, A.; Torres, M.; Forman, H.J. Stimulation of the alveolar macrophage respiratory burst by
adp causes selective glutathionylation of protein tyrosine phosphatase 1b. Free Radic. Biol. Med.
20006, 41, 86-91.

Mueller, A.S.; Klomann, S.D.; Wolf, N.M.; Schneider, S.; Schmidt, R.; Spielmann, J.; Stangl, G.;
Eder, K.; Pallauf, J. Redox regulation of protein tyrosine phosphatase 1b by manipulation of
dietary selenium affects the triglyceride concentration in rat liver. J. Nutr. 2008, 138, 2328-2336.
Qiao, M.; Kisgati, M.; Cholewa, J.M.; Zhu, W.; Smart, E.J.; Sulistio, M.S.; Asmis, R. Increased
expression of glutathione reductase in macrophages decreases atherosclerotic lesion formation in
low-density lipoprotein receptordeficient mice. Arterioscler. Thromb. Vasc. Biol. 2007, 27,
1375-1382.

Callegari, A.; Liu, Y.; White, C.C.; Chait, A.; Gough, P.; Raines, E.W.; Cox, D.; Kavanagh, T.J.;
Rosenfeld, M.E. Gain and loss of function for glutathione synthesis: Impact on advanced
atherosclerosis in apolipoprotein e—deficient mice. Arterioscler. Thromb. Vasc. Biol. 2011, 31,
2473-2482.

Rosenblat, M.; Coleman, R.; Aviram, M. Increased macrophage glutathione content reduces
cell-mediated oxidation of Idl and atherosclerosis in apolipoprotein e-deficient mice.
Atherosclerosis 2002, 163, 17-28.

Aesif, S.W.; Anathy, V.; Kuipers, I; Guala, A.S.; Reiss, JN.; Ho, Y.-S;
Janssen-Heininger, Y.M.W. Ablation of glutaredoxin-1 attenuates lipopolysaccharide-induced
lung inflammation and alveolar macrophage activation. Am. J. Respir. Cell Mol. Biol. 2011, 44,
491-499.



Int. J. Mol. Sci. 2013, 14 15231

88.

&9.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Asmis, R.; Qiao, M.; Rossi, R.R.; Cholewa, J.; Xu, L.; Asmis, L.M. Adriamycin promotes

macrophage dysfunction in mice. Free Radic. Biol. Med. 2006, 41, 165-174.

Wang, Y.; Qiao, M.; Mieyal, J.J.; Asmis, L.M.; Asmis, R. Molecular mechanism of

glutathione-mediated protection from oxidized low-density lipoprotein-induced cell injury in

human macrophages: Role of glutathione reductase and glutaredoxin. Free Radic. Biol. Med.

2006, 41, 775-785.

Rottner, K.; Stradal, T.E.B. Actin dynamics and turnover in cell motility. Curr. Opin. Cell Biol.

2011, 23, 569-578.

Thelen, M., How chemokines invite leukocytes to dance. Nat. Immunol. 2008, 9, 953-959.

Pollard, T.D.; Cooper, J.A. Actin, a central player in cell shape and movement. Science 2009,

326, 1208-1212.

Dominguez, R.; Holmes, K.C. Actin structure and function. Annu. Rev. Biophys. 2011, 40,

169-186.

Fiaschi, T.; Cozzi, G.; Raugei, G.; Formigli, L.; Ramponi, G.; Chiarugi, P. Redox regulation of

beta-actin during integrin-mediated cell adhesion. J. Biol. Chem. 2006, 281, 22983-22991.

Wang, J.; Tekle, E.; Oubrahim, H.; Mieyal, J.J.; Stadtman, E.R.; Chock, P.B. Stable and

controllable rna interference: Investigating the physiological function of glutathionylated actin.

Proc. Natl. Acad. Sci. USA 2003, 100, 5103-5106.

Dalle-Donne, 1.; Giustarini, D.; Rossi, R.; Colombo, R.; Milzani, A. Reversible

S-glutathionylation of cys374 regulates actin filament formation by inducing structural changes

in the actin molecule. Free Radic. Biol. Med. 2003, 34, 23-32.

Wang, J.; Boja, E.S.; Tan, W.; Tekle, E.; Fales, H.M.; English, S.; Mieyal, J.J.; Chock, P.B.

Reversible glutathionylation regulates actin polymerization in a431 cells. J. Biol. Chem. 2001,

276, 47763-47766.

Yassin, R.; Shefcyk, J.; White, J.R.; Tao, W.; Volpi, M.; Molski, T.F.; Naccache, P.H.;

Feinstein, M.B.; Sha’afi, R.I. Effects of chemotactic factors and other agents on the amounts of

actin and a 65,000-mol-wt protein associated with the cytoskeleton of rabbit and human

neutrophils. J. Cell Biol. 1985, 101, 182—188.

Cruz, C.M.; Rinna, A.; Forman, H.J.; Ventura, A.L.M.; Persechini, P.M.; Ojcius, D.M. Atp

activates a reactive oxygen species-dependent oxidative stress response and secretion of

proinflammatory cytokines in macrophages. J. Biol. Chem. 2007, 282, 2871-2879.
Konstantinidis, D.; Paletas, K.; Koliakos, G.; Kaloyianni, M. The ambiguous role of the

Na™-H" exchanger isoform 1 (nhel) in leptin-induced oxidative stress in human monocytes.

Cell Stress Chaperones 2009, 14, 591-601.

Meissner, F.; Molawi, K.; Zychlinsky, A. Superoxide dismutase 1 regulates caspase-1 and

endotoxic shock. Nat. Immunol. 2008, 9, 866—872.

Rozenberg, O.; Aviram, M. S-glutathionylation regulates hdl-associated paraoxonase 1 (ponl)

activity. Biochem. Biophys. Res. Commun. 2006, 351, 492—498.

Ashida, N.; Arai, H.; Yamasaki, M.; Kita, T. Distinct signaling pathways for mcp-1-dependent

integrin activation and chemotaxis. J. Biol. Chem. 2001, 276, 16555-16560.



Int. J. Mol. Sci. 2013, 14 15232

104.

105.

106.

107.

108.

109.

110.

Arefieva, T.I.; Kukhtina, N.B.; Antonova, O.A.; Krasnikova, T.L. Mcp-1-stimulated chemotaxis
of monocytic and endothelial cells is dependent on activation of different signaling cascades.
Cytokine 2005, 31, 439-446.

Moon, A.; Drubin, D.G. The adf/cofilin proteins: Stimulus-responsive modulators of actin
dynamics. Mol. Biol. Cell 1995, 6, 1423—1431.

Bamburg, J.R. Proteins of the adf/cofilin family: Essential regulators of actin dynamics. Annu.
Rev. Cell Dev. Biol. 1999, 15, 185-230.

Niwa, R.; Nagata-Ohashi, K.; Takeichi, M.; Mizuno, K.; Uemura, T. Control of actin
reorganization by slingshot, a family of phosphatases that dephosphorylate adf/cofilin. Cell 2002,
108, 233-246.

Ohta, Y.; Kousaka, K.; Nagata-Ohashi, K.; Ohashi, K.; Muramoto, A.; Shima, Y.; Niwa, R.;
Uemura, T.; Mizuno, K. Differential activities, subcellular distribution and tissue expression
patterns of three members of slingshot family phosphatases that dephosphorylate cofilin. Genes
Cells 2003, 8, 811-824.

Kim, J.-S.; Huang, T.Y.; Bokoch, G.M. Reactive oxygen species regulate a slingshot-cofilin
activation pathway. Mol. Biol. Cell 2009, 20, 2650-2660.

Kim, H.S.; Asmis, R. Univerisity of Texas Health Science Center at San Antonio, San Antonio,
TX. Unpublished observation, 2013.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



